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This study develops a modiﬁed version of the Soil and Water Assessment Tool (SWAT) designed to better
represent riparian depressional wetlands (SWATrw). It replaces existing unidirectional hydrological in-
teractions between a wetland and a river/aquifer with a more robust bidirectional approach based on
hydraulic principles. SWATrw incorporates a more ﬂexible wetland morphometric formula and a con-
necting channel concept to model wetland-river interactions. SWAT and SWATrw were tested for the
Barak-Kushiyara River Basin (Bangladesh and India). Although the two models showed small differences
in simulated stream ﬂow, SWATrw outperformed SWAT in reproducing river stages and the pre-monsoon
river-spills into riparian wetlands. SWATrw showed that the observed presence of dry season water in
the wetland was due to reduced seepage to the local groundwater table whilst continuous seepage
simulated by SWAT resulted in the wetland drying out completely. The newmodel therefore more closely
simulates the hydrological interactions between wetlands, rivers and groundwater.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Software availability:
Name of software: SWAT2012 (Soil and Water Assessment Tool)
Developer: USDA Agricultural Research Service (USDA-ARS) and
Texas A&M AgriLife Research
Contact address: 808 E Blackland Rd, Temple, TX 76502, United
States,
Phone: þ1 254-770-650; http://blackland.tamu.edu/models/swat/
Year ﬁrst available: 2012
Hardware required: PC
Software required: ArcGIS
Program language: FORTRAN
Program size: 3.1 MB
Availability and cost: Freely available at http://swat.tamu.edu/
software/swat-executables/. Both compiled version and
source code of the modiﬁed model presented in this
paper (SWATrw) can be provided upon request to the
corresponding author.(M.M. Rahman).
r Ltd. This is an open access article1. Introduction
Wetlands arewidely recognised as important habitats for awide
range of plants and animals as well as providing beneﬁts to people
through hydrological, biological and chemical functions (Bengtson
and Padmanabhan, 1999; Frohn et al., 2012; Hattermann et al.,
2008, 2006; Junk et al., 2013; Kadlec and Wallace, 2009;
Kulawardhana et al., 2007). The functions related to wetland hy-
drological processes are amongst the most frequently and inten-
sively studied (Bullock and Acreman, 2003; Heimann and Krempa,
2011; Lindsay et al., 2004; Mendoza-Sanchez et al., 2013; Phan
et al., 2011; Thompson, 2004; Wu and Johnston, 2008). Hydrolog-
ical characteristics exert a dominant role in determining wetland
ecological conditions whilst the presence of wetlands within a
catchment impacts downstream ﬂow regimes (Bullock and
Acreman, 2003; Golden et al., 2014; Heimann and Krempa, 2011;
Karim et al., 2012; Krause et al., 2007; Lindsay et al., 2004; Wu
and Johnston, 2008) as well as inﬂuencing groundwater systems
(Golden et al., 2014; Kazezyılmaz-Alhan et al., 2007; Min et al.,
2010; Restrepo et al., 1998; Thompson et al., 2004). At the
catchment-scale, wetlands are commonly thought of as potentially
providing a buffer storage which can retain runoff during wet pe-
riods and in turn attenuate peak ﬂows further downstream (Craft
and Casey, 2000; Hattermann et al., 2008; Heimann and Krempa,
2011; Kulawardhana et al., 2007; Smith et al., 1995). However,under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
M.M. Rahman et al. / Environmental Modelling & Software 84 (2016) 263e289264this supposed ﬂow reduction ability is not equally applicable to all
wetlands and is inﬂuenced by factors that include the location of
wetlands within a catchment, their geometry and storage capacity,
antecedent storage and the nature and degree of hydraulic con-
nectivity with adjacent water bodies such as rivers and underlying
aquifers. For example, a geographically isolated wetland (GIW)
which is completely surrounded by upland areas to form a
depressional system (Golden et al., 2014) can have strong in-
teractions with underlying groundwater systems depending on the
hydraulic properties of the underlying substrate (Fan and Miguez-
Macho, 2011; Golden et al., 2014; Hollis and Thompson, 1998;
Pyzoha et al., 2008; Restrepo et al., 1998). However, if thewetland is
poorly connected with local river systems, it will have negligible
inﬂuences on downstream ﬂows compared to a riparianwetland in
close hydraulic contact with a river channel (Ogawa and Male,
1986; Sun et al., 2004). As a result of this interaction with other
water bodies riparian wetlands generally exhibit more complex
hydrological behaviour than GIWs with inﬂows from rivers and
runoff from upland areas occurring more rapidly than groundwater
exchanges (Walton et al., 1996).
Hydrological/hydraulic interactions between wetlands, other
water bodies and aquifers can potentially be assessed through in-
situ monitoring. This is particularly valuable in relatively small
siteswhere interactions amonghydrological processes are relatively
tractable over small spatial scales (e.g. Clilverdet al., 2013).However,
instrumenting much larger catchments which might contain many
wetlands is frequently impractical (Kite and Droogers, 2000;
Krasnostein and Oldham, 2004). Hydrological/hydraulic modelling
is an alternative approach for large wetlands and catchment-wide
studies of the inﬂuence of wetlands on hydrological processes.
Wetland processes are either directly incorporated in, or have been
indirectly modelled by, many catchment models including SWAT
(Arnold et al., 1993), SWIM (Hattermann et al., 2008; Krysanova
et al., 2005), WATFLOOD (Kouwen, 2013, 1988), MIKE SHE (DHI,
2009), MODFLOW (McDonald and Harbaugh, 1988; Restrepo et al.,
1998), FLATWOODS (Sun et al., 1998) and SLURP (Kite, 2001).
There are many different types of catchment hydrological model
ranging from those which employ conceptual, lumped approaches
to physics-based, fully distributed models (Refsgaard, 1996; Singh,
1995). Regardless of model type, a wetland is commonly consid-
ered to be a depressional type landscape feature with an outﬂow
determined by its temporally varying water storage (Kazezyılmaz-
Alhan et al., 2007; Kouwen, 2013; Krasnostein and Oldham, 2004;
Neitsch et al., 2011; Powell et al., 2008; Walton et al., 1996; Wen
et al., 2013). In many fully distributed models, where the model
domain is discretised into a number of grids, modelling of
depressional (GIW) wetlands can be difﬁcult (Thompson et al.,
2004). Golden et al. (2014) suggested that in such cases model
grid size could be as large as a wetland's maximum areal extent.
This approach is, however, problematical for catchments that
contain many wetlands of varying size. Although a ﬁner model grid
might enable representation of such a catchment's wetlands, it will
impose progressively larger computational costs as the grid size is
reduced (Karim et al., 2012; Tucker et al., 2001). An alternative
method that avoids this problem is to represent wetlands within a
separate conceptual model (Kazezyılmaz-Alhan et al., 2007;
Mansell et al., 2000; Singh, 2010; Wen et al., 2013). In this case,
hydrological components such as overland ﬂow, interﬂow,
groundwater ﬂow and channel ﬂow in the surrounding uplands are
ﬁrstly simulated by a catchment model. These are then used to
simulate hydrological exchanges to a conceptual wetland model.
Unlike fully-distributed models, semi-distributed models (e.g.
SWAT, WATFLOOD, SLURP) need not strictly preserve the spatial
location of each constituent grid. Instead, homogeneous grids aregrouped into a single Hydrologic Response Unit (HRU) or Grouped
Response Unit (GRU) (Arnold et al., 2010; Kouwen, 2013). Grids
lying within a series of wetlands within a deﬁned area such as a
sub-catchment can be assigned to a single wetland HRU/GRU
(Arnold et al., 2010; Bingeman et al., 2006; Feng et al., 2012; Golden
et al., 2014; Hattermann et al., 2008; Jing and Chen, 2011; Kouwen,
2013; Markstrom et al., 2008). This reduces computational cost and
addresses some of the spatial conformity problems that can impact
fully-distributed models.
In contrast to GIWs, representation of riparian wetlands in a
distributed model can be simpliﬁed by assuming they are a part of
the river or ﬂoodplain (Wen et al., 2013). Riparian wetlands tra-
versed by main rivers can be termed on-channel wetlands whilst
off-channel wetlands are bypassed by the main rivers but are
located on the ﬂoodplain. An on-channel wetland can be modelled
as a component reach or storage node within the modelled river
system (Jaber and Shukla, 2012, 2005; Martinez-Martinez et al.,
2014;Wen et al., 2013). An off-channel wetland can be simulated as
a depressional wetland linked to the river by a connecting channel.
Many wetland hydrological models rely on volume-area-depth
relationships which are, in turn, controlled by wetland geometry
(Hayashi and van der Kamp, 2000; Nilsson et al., 2008). Improperly
speciﬁed wetland geometry will affect simulated hydrological
processes and water levels (Baker et al., 2006; Mansell et al., 2000).
As described above, within fully-distributed models representation
of wetland geometry relies on a model's grid size and the vertical
accuracy of digital elevation data. For semi-distributed or concep-
tual lumped models, wetland geometry is usually expressed by
empirical power equations describing the relationships between
volume, area, and depth. This approach is employed in a number of
hydrological models including SWAT, WETSIM and WETLAND-
SCAPE (Johnson et al., 2010). Empirical wetland morphometric
equations can be embedded in catchment models and used ﬂexibly
for representing wetlands of variable geometry by calibrating scale
and shape parameters. Wang et al. (2008) demonstrated this
approach in the representation of multiple depression wetlands in
the State of Minnesota, USA as a single “Hydrologic Equivalent
Wetland” (HEW). Where the precise spatial distribution of wet-
lands is less important than their hydrological impacts on the
catchment water balance, the HEW concept can reduce computa-
tional cost of distributed models.
Hydrological interactions of wetlands with aquifers may be
simulated as unidirectional or bidirectional (Krause et al., 2007).
For example, in MODFLOW, the direction and mass exchange rates
between groundwater and surface water (wetland or river) are
determined from a hydraulic gradient based leakage equation
(Krause et al., 2007; Restrepo et al., 1998). This exchange can occur
bidirectionally depending upon relative water levels. In contrast,
SWAT's wetland-groundwater interaction is only represented as
downward seepage. Golden et al. (2014) reviewed the usability and
limitations of some frequently used catchment models in
emulating wetland-groundwater interactions. To avoid complexity,
many models assume that the residual of the wetland water bal-
ance provides an estimate of wetland-groundwater interaction
(Chen and Zhao, 2011; Kouwen, 2013; Krasnostein and Oldham,
2004). Others adopt a simpliﬁed Darcy's leakage formula
(Kazezyılmaz-Alhan et al., 2007; Mendoza-Sanchez et al., 2013;
Restrepo et al., 1998; Sophocleous, 2002; Walton et al., 1996;
Wilsnack et al., 2001). Flow is generally assumed to occur vertically
through the wetted interface separating wetland and aquifer.
However, when the water table is very close to the wetland bed,
wetland-groundwater interaction will be dominated by horizontal
ﬂow (Bouwer, 2002). In such situations, the Dupuit-Forchheimer or
Darcy's horizontal groundwater ﬂow equation may be more
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modiﬁed SWAT-Landscape Unit (SWAT-LU) model (Sun et al., 2015)
employed Darcy's equation to represent horizontal hydraulic in-
teractions between a river and an aquifer beneath a ﬂoodplain.
However, this model excludes impacts of riparian wetlands, if
present, on catchment hydrology.
In representing wetland-river interactions involving GIWs,
many models assume that the wetland can discharge into a river
but cannot receive overbank ﬂows from it. In such models, the
volume of water (or water level elevation) in a wetland and its
corresponding threshold value (predominantly controlled by outlet
elevation) are the prime determinants of wetland outﬂow (Feng
et al., 2012; Hammer and Kadlec, 1986; Johnson et al., 2010;
Kadlec and Wallace, 2009; Powell et al., 2008; Voldseth et al.,
2007; Wen et al., 2013; Zhang and Mitsch, 2005). However, in re-
gions characterised by widespread riparian wetlands that are hy-
draulically connected with adjacent rivers, wetland-river
interaction is likely to be bidirectional. Such interactions should be
quantiﬁed according to hydraulic principles involving relative river
and wetland water level elevations as well as the properties of the
connection between the two (Kouwen, 2013; Liu et al., 2008; Min
et al., 2010; Nyarko, 2007; Restrepo et al., 1998). In the WAT-
FLOOD model, for instance, riparian wetland-river interaction is
modelled using the principle of Dupuit-Forchheimer lateral/radial
groundwater ﬂow (Kouwen, 2013). Since exchange between ri-
parian wetlands and rivers can occur over the surface and/or
through the subsurface, Restrepo et al. (1998) incorporated an
equivalent transmissivity expression, obtained for wetland vege-
tation and the subsurface soil, into the Darcy ﬂow equation of the
MODFLOW model.
The Soil and Water Assessment Tool (SWAT), a continuous,
conceptual, semi-distributed, catchment scale model (Arnold et al.,
1998, 1993; Neitsch et al., 2011), has been employed to simulate a
wide range of different river basins (Kushwaha and Jain, 2013; Li
et al., 2010; Mishra and Kar, 2012; Spruill et al., 2000; Vazquez-
Amabile and Engel, 2005; Wagner et al., 2011). The ability of
SWAT to reproduce the hydrology of GIWs has been demonstrated
(Javaheri and Babbar-sebens, 2014; Martinez-Martinez et al., 2014;
Wang et al., 2008; Wu and Johnston, 2008) but its capability in
emulating riparian wetland-river interactions has been relatively
under-studied. Liu et al. (2008) did replace the original hydrological
routing algorithm in SWAT's wetland module with more robust
hydraulic routing as well as incorporating lateral subsurface
wetland-river interactions. These modiﬁcations improved simula-
tion performance of ﬂow and sediment discharges in a Canadian
river basin that included signiﬁcant coverage of riparian wetlands.
Despite the utility of this enhanced SWAT wetland algorithm,
several shortcomings remain. Although the direction of wetland-
river exchange is determined from the relative hydraulic head,
lateral surface exchange rates are still based on the hydrological
routing (i.e. volume basis) of the original SWAT model. Secondly,
the wetland volume-area-depth relationship is site speciﬁc rather
than taking a generalised form that would enable its wider appli-
cability. Thirdly, the hydraulic head independency on downward
seepage means that wetland-groundwater exchange does not
represent bidirectional wetland-groundwater interaction. These
issues are likely to impact SWAT performance in catchments with
many riparian wetlands in which wetland-groundwater-river in-
teractions exert a strong inﬂuence upon hydrological functioning.
The objectives of the current study are therefore to develop a new
wetland module for SWAT that can simulate hydraulic interactions
between rivers, riparian wetlands and aquifers and to compare the
ability of original and modiﬁed SWAT models in reproducing the
complex wetland-groundwater-river interactions in the Barak-Kushiyara River Basin, a transboundary catchment shared by In-
dia and Bangladesh.2. Methods
2.1. A structural overview of the SWAT model
This study employed the 627th version of SWAT (rev. 627). The
current section provides a brief overview of SWAT before focussing
on its representation of wetlands. SWAT discretises a river basin
into smaller sub-basins each containing one river reach or main
channel. Each sub-basin is further divided into HRUs based on
unique combinations of land use, soil and surface slope. Different
hydrological components (interception, surface runoff, inﬁltration,
evapotranspiration, interﬂow, groundwater ﬂow, soil moisture
storage) are computed at the HRU-scale for a speciﬁed time step
(e.g. hour, day). An HRU-level hydrological component is related to
a time constant parameter (e.g. SURLAG for surface runoff,
ALPHA_BF for baseﬂow) in order to route that component to the
main channel of the sub-basin. Results for each component calcu-
lated for the different HRUs are summed to provide a sub-basin
total. The water yield from a sub-basin is the total amount of sur-
face runoff, lateral ﬂow, and groundwater ﬂow simulated from all
the HRUs in the sub-basin in a given time step.
The river or main channel within a sub-basin is generally
assumed to have a trapezoidal cross sectionwith a side slope of 1/2.
A symmetrical ﬂoodplain (side slope ¼ 1/4, bed width ¼ 2  river
mean width) with a bed elevation equivalent to river bank eleva-
tion is assumed to run along each side of the river. Two alternative
hydrological channel routing methods are available: variable stor-
age and Muskingum. In the former the inﬂuence of a channel's
hydraulic and physical characteristics (ﬂow depth, cross sectional
area, roughness, and slope) on ﬂows is ignored whereas the latter
takes these effects into account (Neitsch et al., 2011).2.2. Wetland simulation in the SWAT model
SWAT incorporates a simple conceptual wetland module. If
there are any wetlands in the modelled basin, then the SWAT sub-
basins in which they are located must ﬁrst be identiﬁed. The
wetland area within each sub-basin area must be speciﬁed and can
be obtained from digital map data, land use data, topographic
maps, or remotely sensed imagery (Baker et al., 2006; Dwivedi
et al., 1999; Frohn et al., 2012; Kiesel et al., 2010; Maxa and
Bolstad, 2009; Murphy et al., 2007; Rahman et al., 2014). In prin-
ciple, SWAT allows only one wetland within each sub-basin (Fig. 1).
However, if a sub-basin contains more than one wetland, a “Hy-
drologic Equivalent Wetland” (HEW) can be employed (see Section
1) with its area speciﬁed as the total area of all the wetlands within
the sub-basin. Like HRUs, wetlands have no real spatial location
within a sub-basin. Since the total area of a sub-basin is appor-
tioned among its constituent HRUs, all wetland attributes that
affect mass balance, for instance, water surface area and volume,
are also proportionally distributed among the HRUs.
Fig. 2 summarises the hydrological interactions in the original
SWAT wetland module (as well as the revised wetland module
developed in the current study which is discussed below). Unless
otherwise stated all equations presented in this paper are for HRU-
scale computations although different schematic depictions are
drawn at sub-basin scale. The water mass balance equation in
SWAT's original wetland module can be written as:
Fig. 1. Graphical representation of a wetland and sub-basin in the SWAT model. The
black dotted lines indicate drainage boundaries of sub-basin and wetland and arrow
heads indicate direction of overland ﬂow or channel ﬂow. Grey colour represents the
extent of water surface in rivers, connecting channels and wetlands.
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 E þ Qch&wet þ Qwet&aqwet;out (1)
where S indicates water storage; P and E are precipitation and
evaporation, respectively and Qwet&aq is the wetland-aquifer ex-
change which, as discussed above, is unidirectional such that only
seepage from the wetland to groundwater is represented. Qsur and
Qlat are surface runoff and lateral subsurface or interﬂow at the
HRU-scale, respectively generated from surrounding uplands
where the area of these uplands is the difference between total
wetland catchment area (upland catchment plus wetland water
surface area) and the wetland water surface area. Qch&wet is the
discharge of water from the wetland to the river (as discussed
above, the original wetland module does not represent ﬂows in the
opposite direction). The subscripts wet, in,& out indicate wetland,Fig. 2. An example of hydrological interaction, along section A-A (Fig. 1), between a river, r
double headed arrow line means the extent at maximumwetland capacity. P ¼ precipitation
& aq ¼ exchange between river/main channel and aquifer, Qch & wet ¼ exchange between the r
either over the ﬂoodplain or through the connecting channel, GWL ¼ groundwater level, Daq
river's bottom above the aquifer's impervious layer, Dch,mx ¼ maximum channel's depth, D
connecting channel, Dwet,mx ¼ maximum wetland's depth and Dwet,nor ¼ normal depth of we
modelled in SWAT but are included in the SWATrw (SWAT for riparian wetland) model deinﬂow and outﬂow respectively. The superscript i is time step and
any absence of this time step notation should be read for current
time step. Dimension of each element of the water balance is L3.
Since the wetland water surface area varies with time due to the
net effect of incoming and outgoing ﬂuxes, incoming surface runoff
and interﬂow into a wetland are updated at each time step ac-
cording to Equation (2):
ðQsur þ QlatÞwet;in ¼ ðQsur þ QlatÞhru*

Ahru*wet fr  Awet

(2)
where the subscript hru indicates HRU (hydrologic response unit),
Ahru is the area of an HRU (L2), wet fr is the fraction of sub-basin
area draining into the sub-basin-scale wetland (i.e. the wetland's
catchment area), Awet is the wetland's water surface area (L2) at
HRU-scale and other symbols are previously deﬁned. SWAT ﬁrst
estimates surface runoff and interﬂow without considering any
wetland in an HRU. Subsequently the equivalent amount of water,
which would have been produced from the area occupied by the
HRU-scale wetland (i.e. fraction of total wetland area in an HRU)
had it not existed, is deducted from the ﬂows generated across the
total HRU area. This is an excellent feature of the SWAT model for a
region like that considered in the present studywherewetlands are
used for seasonal rice cultivation (see Section 2.4) during the dry
season. As the ﬂood recedes, the extent of wetlands continuously
changes with rice cultivation; thereby, local hydrological processes
are also impacted.
The volume of water stored in awetland is used as an input to an
empirical exponential equation in order to calculate the corre-
sponding wetland water surface area:
Awet ¼ b$Sawet (3)
a ¼ log10

Awet;mx
 log10Awet;nor
log10

Swet;mx
 log10Swet;nor (4)
b ¼ Awet;mx
Sawet;mx
(5)
where the coefﬁcients b and a are referred to as the scale factor and
shape factors, respectively. Awet,mx and Awet,nor are the wetland
water surface areas at maximum and normal capacities of the
wetland, respectively. Similarly, Swet,mx and Swet,nor indicatewetlandiparian wetland and groundwater within SWAT. The extent of wetland shown with the
, E ¼ evaporation, Qperc ¼ percolation, Qsur ¼ surface runoff, Qlat ¼ lateral/inter ﬂow, Qch
iver/main channel and wetland, Qwet & aq ¼ exchange between the wetland and aquifer
¼ height of groundwater level above the aquifer's impervious layer, Dgwqmn ¼ height of
ch,nor ¼ channel's depth from the normal level which is the elevation of river bank at
tland. Processes drawn with the dotted lines (Qch & wet and Qwet & aq) are not currently
veloped in this study.
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The normal wetland capacity is a threshold volume that must be
exceeded before the wetland discharges to the river within its sub-
basin. For example, in a weir controlled wetland, the normal ca-
pacity might be the volume of water that corresponds to the water
level reaching the weir crest level. Note that while estimating scale
and shape factors (equations (4) and (5) respectively), SWAT uses
all necessary wetland inputs for sub-basin-scale wetland and these
same factors are subsequently used for all HRU-scale wetlands in
the sub-basin. Discharge or surface outﬂow (Qch & wet) from the
wetland to the river during a given time step is determined by:
Qch & wet ¼
8>><
>>:
0 if Swet  Swet;nor
Swet  Swet;nor
10
if Swet;nor < Swet  Swet;mx
Swet  Swet;mx if Swet > Swet;mx
9>>=
>>;
(6)
The unidirectional wetland-groundwater interaction (Qwet&aq)
i.e. downward seepage from the wetland is estimated from:
Qwet & aq ¼ Ksat$Awet (7)
where Ksat is the saturated hydraulic conductivity of the wetland
bed (LT1). The seepage from Equation (7) is routed to the aquifer
through an imaginary vadose zone with an exponential decay
function (Equation (8)) that gives the wetland's ﬁnal contribution
to aquifer recharge:
Qirchrg;aq ¼

1 dgw

$Qwet & aq þ dgw$Qi1rchrg;aq (8)
where, Qirchrg;aq and Q
i1
rchrg;aq are the recharge from the wetland (L)
to the aquifer at times i and i1, respectively and dgw is the
groundwater delay coefﬁcient. Percolation from the deepest soil
layer in the uplands and other seepages (e.g. from rivers and ponds)
are also added to Qwet& aq to provide the total groundwater
recharge from the catchment (given the focus herein on SWAT's
wetland module these terms are not detailed). Since wetland-river
and wetland-groundwater interactions are the focus of the current
study, other wetland processes, for example evaporation, are not
elaborated here.2.3. Wetland simulation in SWATrw
Whilst the wetland module of the current version of SWAT does
enable some representation of the hydrological interactions be-
tween wetlands and other hydrological components of a river ba-
sin, there are, as discussed above, a number of issues that could still
be addressed. The following section details the approaches
employed in the newly developed SWATrw (SWAT for riparian
wetland) model that are designed to improve the representation of
the hydrological processes and properties of wetlands.2.3.1. Wetland volume-area-depth relationship
The empirical equation used in the current SWAT model to
represent wetland geometry (Equation (3)) does not explicitly
relate depth of water within a wetland with the other two
morphometric properties, area and volume. This presents problems
where accurate simulation of the wetland water depth is essential,
for example in representing hydraulic interactions between wet-
lands and other water bodies (e.g. rivers and aquifers). Another
drawback is the difﬁculty of establishing appropriate scale and
shape parameters. SWAT requires two sets (normal and maximum)of known values for wetland water surface area and volume for
inclusion in Equation (4). Estimates of actual wetlandwater volume
are much less frequently available thanwetland water surface area.
Consequentially, normal and maximum wetland volumes may be
established through calibration. This increases uncertainty in the
simulation of wetland hydrological functioning. Uncertainty could
be reduced by expressing wetland water volume as a function of
both wetland water surface area and depth since observations of
these two variables are in many cases more readily available.
Wetland water surface area can be measured using various tech-
niques including ground survey, aerial photography (Harvey and
Hill, 2001), and remotely sensed data (e.g. land use, soil and
elevation data) (Baker et al., 2006; Kulawardhana et al., 2007;
Lindsay and Creed, 2005; Maxa and Bolstad, 2009; Murphy et al.,
2007; Townsend and Walsh, 2001). Wetland water depth at spe-
ciﬁc locations can be monitored periodically using a range of
instrumentation from simple staff gauges to automatic water level
recorders. By assuming that wetland side slope is the same as that
of the ﬂoodplain, Liu et al. (2008) showed that Equation (3) can be
related to wetland water depth (Dwet) as shown in Equation (9).
Nonetheless, the assumption of consistent wetland slope narrows
their model's wider applicability particularly in shallow but
extensive low-relief wetland systems. Moreover, the compatibility
of their wetland model to different wetlands was not reported.
Dwet ¼ b1$S1awet (9)
To overcome these limitations, we incorporated a more robust,
generalised and ﬂexible wetland geometric formula into SWATrw.
This formula was developed by Hayashi and van der Kamp (2000)
who tested it for a range of depressional wetlands with non-
unique shapes. For the sake of simplicity, their volume-area-
depth model is, hereafter, referred to as the H-K wetland
morphometry model. The mathematical form of the model as
incorporated in SWATrw is shown in equations (10) and (11):
Awet ¼ b$

Dwet
Dwet;0
2=p
(10)
Swet ¼
 
b
1þ 2p
!
$
D

1þ2p

wet
D
2
p
wet;0
(11)
where b and p are the scale and shape parameters of the model,
respectively andDwet,0 indicates unit wetland depth. Only the shape
parameter has to be calibrated as the scale parameter is calculated
from the user speciﬁed maximum values of wetland water surface
area and depth. Increasing the value of p represents a more cylin-
drical shaped wetland. One distinguishing feature of the H-K
wetland morphometry model is that with only one set of b and p
values the model can satisfactorily represent the average geometry
of a natural depressional wetland having heterogeneous side slopes
(Hayashi and van der Kamp, 2000).2.3.2. Wetland-river interaction
In this study wetlands are assumed to be on the ﬂoodplain but
not directly next to the river (see Figs. 1 and 2) in accordance with
the riparian off-channel wetlands (see Section 1) that SWATrw is
designed to represent. The wetland water level at its maximum
capacity is assumed to be the river's highest bank level (i.e. the bed
elevation of the intermediate ﬂoodplain between the river and the
wetland). If a sub-basin contains more than one wetland, then
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generated by summing maximum water surface areas of each
wetland and by averaging the maximum wetland water depths.
Nonetheless, a larger variation among wetlands' shape restricts the
usability of such a technique.
A riparian wetland can exchange water with the adjacent river
according to three processes: (i) overbank ﬂow across the ﬂood-
plain during periods of high water level (ii) ﬂow through a con-
necting channel, if one exists, between the river and wetland and
(iii) lateral subsurface ﬂow (not considered in this study; see the
next paragraph). Although SWAT assumes that the maximum
depth of a river within a sub-basin is uniform throughout the river
length, this is, in reality, rare. In lowland areas which contain
many riparian wetlands the banks of ﬂood-prone rivers are
frequently altered by the construction of embankments and dykes
designed to reduce the incidence of overbank ﬂows and hence
ﬂooding (Clilverd et al., 2013; Gopal, 2013; Junk et al., 2013). High
river ﬂows can often breach these dykes at vulnerable sections, for
example, at the lowest point of the main river bank where a
connecting channel from a riparian wetland joins the river. To
model this wetland-river interaction within SWATrw, a connecting
channel rather than a ﬂoodplain (Figs. 1 and 2) is conceptualised at
the vulnerable part of the river bank(s). We think that a simple
and ﬂexible channel ﬂow module based on Manning's channel
ﬂow equation is appropriate to represent such connectivity. The
cross section of a connecting channel is assumed to be rectangular
and its width and depth are some fractions of main channel length
and maximum depth, respectively and can be established through
calibration. When a favourable hydraulic connection is established
between a wetland and a river (see below), mass exchange occurs
through the connecting channel. The connecting channel has no
retention capacity itself but offers resistance to ﬂow due to aquatic
vegetation that is common in ﬂoodplain/wetland environments.
Whilst the assumption of zero retention capacity is considered
appropriate for small connecting channels (such as those which
characterise the case-study described below and many similar ri-
parian wetland situations), it might not be as equally applicable for
larger and longer connecting channels which will have greater
surﬁcial and/or sub-surﬁcial (porosity) storage capacity. Unlike
SWAT, SWATrw divides a sub-basin river that is connected to a
wetland into reach segments whose lengths are proportional to
the HRU fractions in the sub-basin containing the wetland (Fig. 3).
As a result there is the same number of river reaches as HRUs in aFig. 3. A hypothetical representation of how SWATrw apportions wetland, main
channel and connecting channel among HRUs in a sub-basin. The illustrated sub-basin
has two HRUs (shaded light and dark grey). The area of HRU1 (AHRU1) is larger than
that of HRU2 (AHRU2). Therefore, the wetland, main channel and associated connecting
channel are also disaggregated in such a way so that each of their respective properties
(area of wetland, AWETL; width of connecting channel, WCCH; and length of main
channel, LCH) has a ratio (AWETL1: AWETL2, WCCH1: WCCH1 and LCH1: LCH2) of equalled to
AHRU1:AHRU2. During model computation a HRU in a sub-basin is paired with other
disaggregated features (wetland, connecting channel and main channel) based on the
size of the respective properties.sub-basin. Similarly, the width of a sub-basin connecting channel
is also proportioned based on HRU relative extent, and each pair of
HRU and river reach sections is associated with the respective
downscaled connecting channel. In this way, the largest HRU is
paired with the longest river reach and thus the widest connecting
channel.
In SWATrw, wetland-river interaction is assumed to occur only
as surface water (i.e. direct lateral subsurface interaction is not
considered). Our assumption is that any phreatic or seepage line
evolving from a wetland or river will terminate at the interme-
diate aquifer between them before reaching the river or wetland.
This is likely for any single or a combination of the following
reasons: low soil permeability, the difference between surface
water and groundwater levels is small, and the distance between a
wetland and river is large. Hydraulic principles are used to
quantify wetland-river interactions. Firstly, the model ﬁxes a da-
tum level against which other elevations such as water levels are
referenced. Since the horizontal plane of the wetland water sur-
face at its maximum capacity is assumed to be level with the
ﬂoodplain (or the highest river bank elevation), a datum of zero
elevation is set to either the bed of the river or the wetland
depending on which is deeper. Unlike SWAT, the normal threshold
depth or normal storage capacity of a wetland is deﬁned by the
bed elevation of the connecting channel. The product of a
parameter “fraction of maximum river depth at normal level”
(CCH_DFR) and maximum river depth (Dch,mx) gives the connect-
ing channel's bed height from the river bed, thus the connecting
channel's bed is referenced to the datum (wetland or river bed).
When both wetland and river water levels fall below the normal
level (i.e. the bed of the connecting channel), exchange ceases.
When there is a hydraulic head difference between a wetland and
a river, and at least one of the water levels is above the normal
level, the speciﬁc exchange ﬂow rate (ﬂow rate per unit water
area) is calculated based on the wetland surface ﬂow equation
developed by Kadlec and Wallace (2009):
qch & wet ¼ c$dm$snf (12)
where qch& wet, d and sf represent speciﬁc exchange ﬂow rate (LT1),
depth of ﬂow (L), and friction slope, respectively. The terms c, m,
and n are the conveyance coefﬁcient, depth exponent and slope
exponent, respectively. Equation (12) is based on the Manning's
channel ﬂow formula (if c¼1/N,m¼2/3,n¼½) which was originally
developed for turbulent ﬂow. However, evidence from ﬁeld ex-
periments shows that surface ﬂow over a wetland is most likely
laminar or transitional (Hammer and Kadlec, 1986; Kadlec and
Wallace, 2009). When applied to a wetland, the value of d in
Equation (12) is the mean overland ﬂow depth. However, in our
case, the value of d is the depth of ﬂow at the midpoint of the
connecting channel and is estimated from Bernoull's energy
equation. With reference to Fig. 2, since river water level is above
both the normal level (i.e. the bottom of the connecting channel)
and wetland water level, ﬂow occurs from the river to the wetland
due to the available driving hydraulic head. Flowwould be reversed
if water levels in the river and the wetland were exchanged. For the
example in Fig. 2, the driving hydraulic head is the elevation dif-
ference of the river water level and the normal level. Alternatively,
if the wetland water level was above the bed of the connecting
channel (but still below the river level) the driving hydraulic head
would be the difference between the river and wetland water
levels. The same principles are applied when wetland water levels
are higher than river levels and the direction of exchange is
reversed. After simpliﬁcation of Bernoulli's energy equation, the
equation takes the form:
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 ddh ¼ 0 (13)
where l is the length of the connecting channel (L), ddh is the driving
hydraulic head (L), and other symbols are previously described. For
given values of c, m, n and Sf, the above equation is numerically
solved with the Newton-Rapson method.
After calculating the average depth of ﬂow through the con-
necting channel, the maximum volume of water that can be
exchanged during an individual time step is estimated as follows:
Qch & wet ¼ ðqch & wet$d$wÞDt (14)
where w is the width of the connecting channel (L) and Dt is the
time step (T). Multiplying total river length by the calibration term
CCH_LFR (fraction of the river length overﬂowed at normal eleva-
tion) gives the value of w. According to hydraulic principles, ﬂow
between two hydraulically connected water reservoirs (here the
wetland and river) can continue until their water levels reach the
same elevation (or until, in this instance, the water level of the
loosing reservoir reaches the bed of the connecting channel).
Therefore, if thewater volume estimated by Equation (14) is greater
than the intake capacity of a receptor reservoir, the actual trans-
ferred water volume is re-calculated by reducing the duration of
ﬂow time (initially ﬂow time is equal to the model time step) so
that water levels reach an equilibrium state. Intake capacity is the
volume of water in a receptor reservoir at equilibrium water level
less its initial water volume. The necessary mathematical calcula-
tions and procedures used in SWATrw to estimate transferable
water volume between a wetland and a river are described below.
The same procedure is followed for both directions of exchange (i.e.
river to wetland and wetland to river).
For the example illustrated in Fig. 2, since the river is in hy-
draulic connectionwith thewetland and thewater level of the river
is higher than that of the wetland, there is clearly a potential
discharge into the wetland. For the exchange of a speciﬁc volume ofDt1; Dt1; Dt1………Dt22; Dt23; Dt24 ¼ 24;23;22;………3;2;1 ðhrÞ
Dt25; Dt26; Dt27………Dt81; Dt82; Dt83 ¼ 59;58;57;………3;2;1 ðminÞ
Dt84; Dt85; Dt86………Dt140; Dt141; Dt142 ¼ 59;58;57;………3;2;1 ðsecÞ
9=
; (23)water from the river to the wetland, water depths in the loosing
river at the end of each time step can be estimated as:
Change in water volume St1ch  St2ch ¼ qch & wet$Dt (15)

Wbot;ch$D
t1
ch þ z$

Dt1ch
2	
Lch 

Wbot;ch$D
t2
ch þ z$

Dt2ch
2	
Lch
¼ qch & wet$Dt
(16)Dt2ch ¼
Wbot;ch±
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Wbot;ch
2  4$z$ðqch & wet$DtÞLch 

Wbot;ch$D
t1
ch þ z$
s
2$zwhere, St1ch and S
t2
ch are the water volumes of the river at time t1 and
t2, Dt1ch and D
t2
ch are the water depths of the river at time t1 and t2
andWbot,ch, Lch, and z are the bottomwidth, length and side slope of
the river (trapezoidal shape), respectively. For the gaining wetland,
water levels at the end of each time step can be estimated as:
Change in water volume St2wet  St1wet ¼ qch & wet$Dt (18)
and the combination of equations (11) and (18) gives:
Dt2wet ¼
2
664St1wet þ qch & wet$Dt 
b
bþ2p
!  D2pwet;0
3
775
0
@ 1
1þ2p

1
A
(19)
where St1wet and S
t2
wet are thewater volumes of thewetland at time t1
and t2 and Dt2wet is the water depth in the wetland at time t2. For the
following constraints (Equations (20)e(22)), equations (17) and
(19) are solved iteratively by changing the value of Dt. The itera-
tion process starts from the maximumvalue of Dt (i.e. the time step
of the model) and is continued with smaller time steps until a
satisfactory solution is achieved. Since the time step in the present
modelling study is daily (see below), the maximum number of it-
erations is set to 142 and the process operates in the chronological
order of Equation (23).
ðqch & wet$DtÞ
Lch


Wbot;ch$D
t1
ch þ z$

Dt1ch
2	
(20)
Dt2ch  0 and Dt2wet  0 (21)

Ech;bed þ Dt2ch



Ewet;bed þ Dt2wet

(22)Ech,bed and Ewet,bed are the elevations of the river and wetland beds,
respectively. Once a solution is attained, the ﬁnal transferable water
volume is re-calculated using Equation (14) for the resultant time
step (Dt). Thereafter, storages of water in the wetland and river are
updated. A resulting smaller time step than themodel's time step (1
day or 24 h) indicates that the receiving water body (i.e. the
wetland in the example in Fig. 2) will reach a hydraulic equilibrium
statewith its delivering waterbody (the river in the example) in less
than a whole day. Such a phenomenon can occur where riparian
wetlands are rapidly ﬂooded due to a sudden increase in riverﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dt1ch
2	
(17)
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level exceeds its maximum level, which may occur during periods
of heavy rainfall over the wetland catchment, all water in excess of
the maximum capacity is transferred to the river on the same day,
an approach employed in SWAT. This water, in turn, can be simu-
lated as inundating the ﬂoodplain if the river exceeds its maximum
capacity.
2.3.3. Wetland-groundwater interaction
Application of the current wetland module within SWAT is
problematical in situations where bidirectional wetland-
groundwater interactions are a common phenomenon. This in-
cludes ﬂoodplain areas where the groundwater level is very close to
the ground surface and ﬂuctuates throughout the year. As indicated
in Equation (7), whilst SWAT simulates the seepage of water from a
wetland to the underlying aquifer, water from the aquifer does not
discharge into the wetland. Moreover, the amount of seepage from
a wetland is only controlled by the hydraulic conductivity of the
wetland bed material. The role of hydraulic head is completely
neglected which is contradictory to the well known Darcy's ﬂow
formula. Although a number of past studies have demonstrated
SWAT's abilities to model downward wetland-aquifer interactions
within North American prairie wetlands where groundwater level
seldom crosses the wetland bed level (Wang et al., 2008, 2010), its
application is not recommended in situations where bidirectional
interactions between a wetland and an aquifer are prevalent
(Golden et al., 2014; Sun et al., 2004). This is addressed in SWATrw
through the incorporation of a Darcy's ﬂow law based wetland-
groundwater interaction algorithm. Initially the elevations of the
aquifer bed (Eaq,bed) and groundwater surface (Eaq) are calculated
using equations (24) and (25):
Eaq;bed ¼ Ech;bed  Dgwqmn (24)Eaq ¼
8>>>>>>>>>>><
>>>>>>>>>>>:
Eaq;bed þ Daq if Daq 

Ewet;bed  Eaq;bed

Eaq;bed þ Daq þ
2
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
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Dwet;0
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3
777775 if Daq >

Ewet;bed  Eaq;bed

where; Dwet;aq ¼ Daq 

Ewet;bed  Eaq;bed

(25)In Fig. 2, Dgwqmn is illustrated as the height of the channel bed
above the aquifer bed which can be determined by dividing the
given threshold aquifer water depth to initiate baseﬂow by the
aquifer speciﬁc yield. The elevation of channel bed (Ech,bed) has
already been deﬁned in Section 2.3.2. Daq is the height of ground-
water level above the aquifer bed uniformly distributed across the
HRU area. The expression within the square brackets of Equation
(25) returns an additional groundwater depth to be superimposed
over the original SWAT simulated GWL uniformly distributed acrossthe HRU. This is estimated by dividing the water volume that would
have been contained in a wetland at GWL had the wetland been
ﬁlled with the aquifer material, by HRU area less the wetland sur-
face area at GWL. The reason for this arrangement is that SWAT
currently assumes that the areal extent of an HRU-scale aquifer,
with uniform depth, is the same as that of the HRU. This would
underestimate the actual GWL of a shallow aquifer when the GWL
rises above the wetland bed (see Fig. 2) because the volume
occupied by a depressional wetland is not a part of the aquifer. The
total amount of water in an aquifer during a time step is divided by
aquifer speciﬁc yield (Sy) to obtain the equivalent depth of
groundwater in the aquifer (Dgwqmn & Daq). Once the elevation of
GWL is calculated, SWATrw simulates wetland-groundwater
interaction using the following assumptions: (i) if the GWL is
below the wetland bed seepage water is routed through a vadose
zone to obtain net recharge from the wetland, and (ii) if the GWL is
at or above the wetland bed wetland-groundwater interaction is
instantaneous i.e. any seepage from the wetland or groundwater
ﬂow to the wetland will not be lagged by a time factor. The
following equations represent the mathematical formulations of
the wetland-groundwater interactions:
Qwet&aq¼
8>>>><
>>>>:
Ksat$
EwetEwet;bed
wetth
$Awet if Eaq<Ewet;bed
Ksat$
EwetEaq
wetth
$Awet if EaqEwet andEaqEwet;bed
Ksat$
EaqEwet
wetth
$Awet;aq if Eaq>Ewet andEaqEwet;bed
(26)Qirchrg;aq¼
( 
1dgw

$Qwet& aqþdgw$Qi1rchrg;aq if Eaq<Ewet;bed
Qwet&aqþdgw$Qi1rchrg;aq if EaqEwet andEaqEwet;bed
(27)
where Ewet, Awet,aq, and wetth represent wetland water level eleva-
tion, wetland water surface area at GWL elevation (i.e. when the
wetland water depth is Dwet,aq), the thickness of the wetland bot-
tom (commonly known as hyporheic zone), respectively and other
symbols are previously described. After estimating Qwet & aq, the
Fig. 4. The geographical location of the Barak-Kushiyara River Basin and haor wetlands. The areal extent of wetlands indicates their maximumwater surface areas. Hakaluki haor is
shown in the inset. Under river gauging stations, “Q” and “WL” indicate respectively discharge and water level or stage. The acronyms in the parentheses of weather station indicate
data source. BMD ¼ Bangladesh Meteorological Department, BWDB ¼ Bangladesh Water Development, IMD ¼ Indian Meteorological Department, CRU ¼ Climatic Research Unit e
University of East Anglia.
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2.4. Study area and data collection
SWATrwwas evaluated through the development of two models
(the original SWATand SWATrw) of a river basin in South Asia that is
characterised by extensive riparian wetlands. The Barak-Kushiyara
River Basin is named after its two main rivers, the Barak in India
and the Kyshiyara in Bangladesh (Fig. 4). The basin has a total area of
35,563 km2 of which 3,185 km2 (9%) is within Bangladesh. With the
exception of a very small fraction (<1%) in Myanmar, the remainder
lies in northeastern India. Catchment elevation ranges from
approximately 10 m above mean sea level (a.m.s.l.) in the extensive
Bangladeshi lowlands, which are essentially ﬂat except for a few
hillocks near the Indian border, to about 3000 m a.m.s.l. in the
Lushai Hills from where the Barak River originates.
Precipitation over the basin falls predominantly as rain except
for hail during early monsoon storms. The hydrological year
(AprileMarch) is divided into four seasons: (i) the pre-monsoon
(AprileMay), (ii) monsoon (JuneeSeptember) during which 65%
of total annual precipitation occurs, post-monsoon (OctobereNo-
vember) and the dry season (DecembereMarch). Average annual
rainfall is ~2450 mm and ranges from 1800 mm over the upper
Barak River Basin to 3100mmover the lower ﬂoodplain. Soils in the
catchment vary from sandy clay loam in upper areas to loam in the
lower catchment. Forest is the dominant land cover (77%) whilstthe lower ﬂoodplain areas are characterised by intensive cultivated
of rice.
The lower part of the basin is characterised by many riparian
saucer shaped, depressional wetlands known locally as haors
(CEGIS, 2012; Choudhury and Nishat, 2005; Islam, 2010). These
wetlands are thought to have evolved from gradual land surface
depressions; therefore, they look like saucer shaped ponds/lakes
with gentle side slopes. These wetlands are traversed by or con-
nected to the main rivers and their tributaries and so have strong
interactions with the river systems. Shallow aquifers also exert an
inﬂuence upon hoar hydrology. In the wet season, haors are hy-
draulically connected with rivers due to high water levels and are
extensively inundated. During the dry season, the wetlands are
isolated from the river systems as water levels fall through
drainage, evaporation, and seepage. Almost all water within hoars
disappears except for some deep areas, locally called beels, which
are used for ﬁsh culture and irrigation. Hoar wetlands are an
important agricultural resource especially for the cultivation of
Boro rice, an intensively irrigated rice variety (CEGIS, 2012; Hasan
and Hossain, 2013). However, pre-monsoonal ﬂash ﬂoods gener-
ated by overbank ﬂows frequently result in the loss of ripening
Boro rice crops and as a result earth dykes have been constructed
along some river channels and around some hoars. Sustainable
management of hoar wetlands relies upon improved under-
standing of their hydrological behaviour and their inﬂuence upon
catchment hydrology. This provides a major motivation for the
Table 1
Sources and characteristics of data used to build the SWAT/SWATrw models of the Barak-Kushiyara River Basin.
Data Sources Characteristics
Digital Elevation Model
(DEM)
HydroSHEDS (Hydrological data and maps based on SHuttle Elevation
Derivatives at multiple Scales) database (Lehner, 2005)
http://hydrosheds.cr.usgs.gov/index.php
*Derived from the Shuttle Radar Topography Mission (SRTM)
data
*90 m horizontal resolution
Land use and land cover
(LULC)
GLC (Global Land Cover) dataset
http://glcf.umd.edu/data/landcover/
*Derived from AVHRR (Advanced Very High Resolution
Radiometer) satellite imagery data (Hansen et al., 2000)
*1 km horizontal resolution
Soil HWSD (Harmonized World Soil Database)
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/
harmonized-world-soil-database-v12/en/
*1 km horizontal resolution
*2 vertical layers: 0e300 mm and 300e1000 mm
*Provides major physico-chemical properties of soils
(e.g., texture, gravel, bulk density, organic matter and pH)
Rainfall BMD (Bangladesh Meteorological Department) and BWDB (Bangladesh
Water Development Board)
*Point rainfall measured at weather stations (see Fig. 4)
*Temporal resolution: daily
*Period: 1987e2010
*Spatial coverage: Bangladeshi part of the basin
IMD (Indian Meteorological Department) *District wise average rainfall
*Temporal resolution: Monthly
*Period: 2004e2010
*Spatial coverage: Indian part of the basin
CRU TS 3.20 (Climatic Research Unit e University of East Anglia
Time Series
) climate database (Harris et al., 2014) archived in BADC (British
Atmospheric Data Centre)
http://badc.nerc.ac.uk/data/
*Gridded (0.5  0.5 spatial resolution) rainfall
*Temporal resolution: Monthly
*Period: 1987e2010
*Spatial coverage: the whole basin
Temperature BMD *Point data measured at BMD weather stations
*Temporal resolution: daily
*Period: 1987e2010
*Spatial coverage: Bangladeshi part of the basin
CRU TS 3.20 climate database *Gridded (0.5  0.5 spatial resolution) temperature
*Temporal resolution: Monthly
*Period: 1987e2010
*Spatial coverage: Indian part of the basin
Humidity, wind speed
and solar radiation
CLIMWAT 2.0 database of FAO (Food and Agriculture Organization
of the United Nations)
*Point data at available weather stations in the database
*Temporal resolution: Long time mean monthly
*Spatial coverage: the whole basin
River ﬂow and stage BWDB *River ﬂow data were generated from the previously
developed rating curves
*Temporal resolution: daily
*Period: 1990e2010
Fig. 5. The volume-area-depth relationship curves of the Hakaluki haor catchment
after Choudhury and Nishat (2005).
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Onemajor hoar wetland is the Hakaluki haor that is traversed by
the Juri River, a tributary of the Kushiyara River that it joins at the
Fenchuganj gauging station (Fig. 4). The Sonai River is the main
tributary of the Juri River. Their junction is at the north end of the
Hakaluki haor. During the monsoon season, higher water stage in
the Kushiyara River can cause water to ﬂow back into the Juri River
and as a result the Hakaluki haor can receive large amount of water
from the Kushiyara. While data scarcity is a major hurdle for
wetland research in Bangladesh's hoar region, the availability of
morphometric characteristics of the Hakaluki haor, together with
hydrological time series data (stream ﬂows, river stage and
groundwater level) from around the wetland, as well as elsewhere
in the basin, enables the use of this particular wetland and the
Barak-Kushiyara River Basin as a case study in the development of
the SWATrw model.
In general the data requirements for SWAT can be grouped into
four categories: a Digital Elevation Model (DEM), land use, soil and
climate time series. Moreover, measured streamﬂow data at avail-
able gauge stations are commonly used to validate the model.
Table 1 summaries the data employed within the SWAT/SWATrw
models of the Barak-Kushiyara River Basin.
The study area lacks morphometric properties of wetlands
except for the volume-area-depth relationship curve provided by
Choudhury and Nishat (2005) for the catchment of the Hakaluki
haor (Fig. 5). This morphometric curve was originally developed
from theWater Development Map of 1963 (BWDB and FPCO,1993).
M.M. Rahman et al. / Environmental Modelling & Software 84 (2016) 263e289 273For the Hakaluki haor, the area corresponding to depths of 4.29 m
and lower is considered as the maximum wetland water area
(13889 ha) based on the wetland areal map provided by CEGIS
(2012). The required maximum wetland water surface area of
other wetlands within each sub-basin was derived using the same
areal map. The corresponding maximumwetland water depth was
approximated based on the available documentary information
(Oka et al., 2013; Uddin et al., 2012), the DEM data and Google
Earth. To retrieve the required depth from Google Earth, the map
(KML ﬁle) of the maximum surface area for each wetland was
overlaid on Google Earth followed by manual identiﬁcation of the
lowest and highest elevations within each wetland. In general, the
mean water depth of the haor wetlands within the basin varied
from 1m in the dry season to 6m during themonsoon season. Once
a normal elevation is determined (described in Section 2.3.2), the
corresponding wetland water volume and water surface area were
generated using the H-K wetland geometric model parameterised
using the procedure described above. The initial water volume in
each wetland was deﬁned as the equivalent volume at 1 m depth
since both the calibration and validation periods started in the dry
month of January.
2.5. Simulation of the Hakaluki haor's morphometric curve
An assessment of the ability of the wetland geometric models in
SWAT and SWATrw (i.e. the H-K wetland geometric model) to
represent the observed morphometric characteristics of the Haka-
luki haor was undertaken by simulating thewetlandmorphometric
properties using a spreadsheet programme. First, thewetland shape
parameter ‘p’ in the SWATrw model (see Equations (10) and (11))
was calibrated by iteratively changing its value until the simulated
volume-depth and volume-area curves matched the observed
counterparts as closely as possible. The observed wetland volumes
were the only input variable to the calibrated model; however, this
input was replaced by simulated wetland water storage in
catchment-scale hydrological modelling. While calibrating ‘p’ the
two required values of wetland area and depth at its maximum ca-
pacity were set to 13889 ha and 4.29 m, respectively. Similarly, the
shape parameter (see Equation (4)) of the SWAT wetland module
was calculated using two sets of known values of wetland volume
andarea,whichwere21143ha-m,13889ha and2883ha-m, 3841ha,
respectively at thewetland'smaximum and normalwater levels. All
the values except the maximumwetland area (13889 ha) were ob-
tained from the previously developed wetland volume-area-depth
relationship curve by SWATrw for maximum and normal wetland
water depths of 4.29 and 2.1 m. Finally, the volume-area and
volume-depth curves simulated by both models were compared to
the corresponding observed curves.
2.6. Model setup, calibration and validation
Models of the Barak-Kushiyara River Basin were setup using
both SWAT and SWATrw. Catchment delineation was performed
using the pre-deﬁned river network, which forces SWAT to
generate a more realistic network and associated sub-basins. This is
particularly advantageous in low relief areas where topography is
not well captured by relatively coarse DEM data. The ﬁnal model
had a total of 116 sub-basins that were manually inter-connected
based on the river network (Fig. 4).
Each sub-basin was further discretised into HRUs using
threshold values of 10, 20, and 35% for land use, soil, and slope,
respectively. In general, large spatial variation of each property
(land use, soil and slope) demands a smaller threshold value and
thus many HRUs. Although the GLC land use classiﬁcation does not
contain rural villages, 5% of the rice land use area was assumed tobe rural settlements since most of South Asia's rice dominated
agricultural land is dotted with scattered rural villages. These vil-
lages contain homesteads, perennial trees, and road networks.
Therefore, each rice land HRU was divided into two smaller HRUs;
95% of the area was classiﬁed as rice and the remaining 5% as rural
village.
Since the ultimate goal of this study is to compare the simula-
tion capabilities of SWAT and SWATrw, with a speciﬁc focus on
wetland-river-aquifer interactions, the calibration and validation
procedures were kept alike. Firstly the SWATrw model was cali-
brated, and then subsequently SWAT was run using the values of
common parameters derived from SWATrw calibration. Values for
four required volumetric and areal parameters (WET_VOL,
WET_MXVOL, WET_NSA, WET_NVOL shown in Table 2) of SWAT
were generated from the calibrated wetland morphometric curves
by SWATrw using corresponding wetland water depths at
maximum, normal and initial levels. The assumption behind this
strategy is that wetland morphometric characteristics are well
captured by the calibrated SWATrw model; therefore, a wetland
property (volume or area) generated by that model for a known
depth would be much better than calibrating those unknown pa-
rameters in SWAT.
The SWATrw model was manually and sequentially calibrated
against observedmeanmonthly river discharge (2004e2010) at the
Sheola, Kanairghat, Jaldhup and Sherpur gauging stations. Cali-
bration on a monthly basis was considered appropriate since the
majority of daily climate data were stochastically derived from
monthly values (see Thompson et al., 2013). In addition, the daily
time series of observed river discharge was characterised by pe-
riods of missing data. The simulated river water depth was found to
be very sensitive to the CH_N2 parameter (Manning's roughness
coefﬁcient for a river). Therefore, the value of CH_N2 calibrated
against monthly discharge was further ﬁne-tuned using daily river
stage data from the Fenchuganj, Moulvi Bazar and Sherpur gauging
stations that had comparatively fewer gaps in their records. Once a
satisfactory result was attained, the consistency of model perfor-
mance was validated using the period 1990e2003.
In addition to graphical comparisons of observed and simu-
lated river discharge, model performance was statistically evalu-
ated using commonly used metrics: Nash-Sutcliffe efﬁciency (NSE)
(Nash and Sutcliffe, 1970), percent bias (PBIAS) (ASCE, 1993;
Moriasi et al., 2007), ratio of root mean square error to the stan-
dard deviation of observed data (RSR) (Moriasi et al., 2007), and
the coefﬁcient of determination (R2) (also see Moriasi et al., 2007).
Moriasi et al. (2007) reviewed a number of model performance
metrics and their application in a wide range of catchments. They
concluded that a catchment model can be sufﬁciently evaluated by
using the combined values of the ﬁrst three statistical metrics
(NSE, PBIAS and RSR) and presented a generalised framework for
such an evaluation.
A sensitivity analysis with the TEDPAS (Temporal dynamics of
parameter sensitivity) method (Reusser et al., 2011) was con-
ducted to investigate how the newly incorporated wetland pa-
rameters inﬂuence on streamﬂows and wetland water storages (or
water balance). TEDPAS estimates sensitivity of each parameter at
each time step based on the FAST (Fourier Amplitude Sensitivity
Test) global sensitivity analysis approach (Cukier et al., 1975, 1973).
Time series of parameter sensitivities generated by TEDPAS during
a simulation period help to identify dominant hydrological pro-
cesses and their duration of existence (Guse et al., 2014; Reusser
and Zehe, 2011). The sensitivity for a particular parameter at a
time step is estimated based on the ﬁrst-order partial variance
approach (Reusser et al., 2011). In this study TEDPAS was
employed using the calibration period for the two sub-basins
respectively containing Hakaluki haor and Dubriary haor (a
Table 2
Calibrated parameters governing hydrological processes*.
Models Parameters Description (unit) Default values Calibrated values
SWAT & SWATrw Basin level
SURLAGa Surface runoff lag coefﬁcient (day) 4.00 0.10
HRU level
CN2a Curve number 70e92 60e81
ESCOa Soil evaporation compensation factor 0.95 0.25e0.95
EPCOa Plant uptake compensation factor 1.00 0.30e1.00
GW_DELAYa Groundwater delay (day) 31 10e45
ALPHA_BFa Baseﬂow factor (day) 0.048 0.01e0.048
SHALLST Initial depth of water in shallow aquifer (mm) 0.50 1.00e1300.00
GWQMN Threshold depth of water in shallow aquifer for baseﬂow (mm) 0.00 0.00e1280.00
REVAPMN Threshold depth of water in shallow aquifer for revap (mm) 1.00 0.00e2000.00
RCHRG_DPa Fraction of soil percolated water to deep aquifer 0.05 0.05e0.80
GW_SPYLD Speciﬁc yield of shallow aquifer 0.003 0.003e0.02
Sub-basin level
CH_N2 Manning's roughness coefﬁcient for a river 0.014 0.013e0.017
WET_FR Fraction of sub-basin area drained into a wetland e 0.82e1.00
WET_MXSAb Maximum wetland water surface area (ha) e 372e14869
WETEVCOEFa Wetland evaporation coefﬁcient e 0.40e0.60
WET_Ka Hydraulic conductivity of wetland bottom (mm/hr) e 0.30e8.00
SWAT WET_VOL Initial volume of water in wetlands (ha-m) e 22e894
WET_MXVOL Maximum wetland water volume (ha-m) e 419e29748
WET_NSA Normal wetland water surface area (ha) e 108e11764
WET_NVOL Normal wetland water volume (ha-m) e 58e22264
SWATrw WET_D Initial wetland water depth (m) e 1.00
WET_DMXb Maximum wetland water depth (m) e 3.00e8.00
WET_Pa Wetland shape factor e 1.1e1.5
WET_THb Thickness of wetland bottom (m) e 1.00
CCH_Mb Depth exponent in connecting channel ﬂow equation e 2.00
CCH_Nb Slope exponent in connecting channel ﬂow equation e 1.00
CCH_SFb Friction slope of connecting channel e 0.01
CCH_DFRa Fraction of main channel maximum depth at normal level e 0.10e0.80
CCH_LFRa Fraction of main channel length to be overﬂowed at normal level e 0.10e0.90
CCH_C Conveyance coefﬁcient of connecting channel (m1 s1) e 667.00
*Parameters are grouped based on models (SWAT and SWATrw) and spatial scales (basin, sub-basin and HRU). Parameters within “SWAT & SWATrw” mean both the models
use these parameters. Basin level parameter indicates that all HRUs in the basin use the same value of that parameter. Under sub-basin level, the value of each volumetric, areal
and CCH_LFR wetland parameters is apportioned among HRUs according to their respective areal extents in the sub-basin; values of other sub-basin level parameters are
unique for all HRUs in the sub-basin.
a These parameters are used for sensitivity analysis (see Section 2.6).
b These parameters were not calibrated rather their values were taken from available data, literature and in some cases approximated based on the author's detailed
knowledge of the study area.
Table 3
Parameter range for sensitivity analysis.
Parametersa Range of parameter value
Hakaluki haor sub-basin Dubriary haor sub-basin
SURLAG 0.05e1.0 0.05e1.0
CN2 55e85 65e80
ESCO 0.3e1.0 0.3e1.0
EPCO 0.3e1.0 0.3e1.0
GW_DELAY 5e40 5e31
ALPHA_BF 0.1e1.0 0.01e1.0
RCHRG_DP 0.0e0.8 0.0e0.8
CCH_DFR 0.1e0.8 0.1e0.8
CCH_LFR 0.1e1.0 0.1e1.0
WET_P 0.5e2.0 0.5e2.0
WET_K 0.1e2.0 1.0e10
WETEVCOEF 0.4e0.8 0.4e0.8
a Their names are explained in Table 2.
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sensitivity analysis precedes model calibration, we followed the
reverse practice. Our intention is not to identify sensitive model
parameters but to rather see how the parameters of an already
carefully manually calibrated model inﬂuence target hydrological
components (streamﬂows and wetland water balance). Accord-
ingly parameter ranges were chosen around the corresponding
calibrated parameter value (Table 3). Table 4 summaries the major
distinguishing characteristics of the two sub-basins related tomodelling their wetlands. Streamﬂows of the sub-basin containing
the Hakaluki haor are inﬂuenced by its river ﬂows generated by
upstream sub-basins whereas this is not the case for the second
sub-basin in which Dubriary haor is located. For the 12 parameters
(see Table 2) that are thought to have a major inﬂuence on
streamﬂows and wetland water balance, TEDPAS produced 579
parameter sets (i.e. 579 model runs at each time step of the
simulation period).3. Results and discussion
3.1. Simulated morphometric properties of the Hakaluki haor
wetland
The calibrated values of the two paired morphometric param-
eters (shape and scale) are 0.65 and 22.54 for SWATand 1.1 and 983
for SWATrw. Fig. 6 shows the volume-area and volume-depth re-
lationships from both models and those derived from the observed
morphometric data for the Hakaluki haor. Both the models produce
identical volume-area curves (Fig. 6a) that closely match (R2 ¼ 0.99
and slope of the observed vs simulated line ¼ 1.1) the observed
until the wetland volume reaches 14200 ha-m. Subsequently for a
given volume the wetland areas are consistently overestimated so
that the existing models are unable to represent the natural
morphometric properties of the Hakaluki haor catchment. This is
because the geometry of the upland catchment differs markedly
Table 4
Major distinguishing characteristics of the two sub-basins containing Hakaluki and Dubriary haor wetlands.
Characteristics Sub-basin containing the Hakaluki haor wetland Sub-basin containing the Dubriary haor wetland
Area of sub-basin (ha) 79200 24200
Streamﬂows inﬂuenced by inﬂows from upstream sub-basins Yes No
Wetland drainage area (ha) 78408 ha (99% of the sub-basin) 23232 ha (96% of the sub-basin)
Maximum wetland water surface area (ha) 13889 (18% of the sub-basin) 13882 (57% of the sub-basin)
Maximum wetland water depth (m) 4.29 5.00
Hydraulic conductivity of wetland bottom (mm/hr) 0.1 1.0
Maximum main channel depth (m) 2.42 1.17
Fig. 6. Comparison of wetland morphometric properties simulated by SWAT and SWATrw for the Hakaluki haor wetland.
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models' identical volume-area curves, it was found that the values
of the wetland's shape and scale factors become the same if
SWATrw's wetland formulas (Equations (10) and (11)) are rear-
ranged to the form of SWAT's wetland volume-area relationship
(Equation (3)). This is intuitively because the wetland volumes and
areas at maximum and normal levels required by SWAT originated
from the SWATrw generated wetland morphometric curve (see
Section 2.5). This argument was further conﬁrmed for other wet-
lands in the basin (not shown).
Unlike the volume-area relationship, the volume-depth re-
lationships from the two different models vary markedly and
exhibit different abilities in emulating the observed relationship for
the Hakaluki haor (Fig. 6b). The relationship for the SWATrwmodel
provides a good approximation to the observed (R2 ¼ 0.99 and
slope of the observed vs simulated line ¼ 1.1). Depths are slightly
overestimated by on average 15% across the full range of volumes.
On the other hand, SWAT consistently underestimates (R2 ¼ 0.99
and slope of the observed vs simulated line ¼ 0.38) the actual
wetland depths by on average 58%. Since for a given volume both
models simulate exactly the same surface area, a shallower wetland
simulated by SWAT for that volume must be more cylindrical (i.e.
higher side slope) than that of SWATrw. As discussed in Section
2.3.1, Equation (9), which was proposed by Liu et al. (2008) for
SWAT, assumes an equal side slope of 1/4 for both a riparian
wetland and an associated ﬂoodplain. The DEM data suggest that
the average side slope of the Hakaluki haor wetland is 2%, much
smaller than SWAT's representation of the wetland (25%). The large
differences in the wetland morphometric relationships, and the
considerable underestimation of depth by SWAT, demonstrate thepotential difﬁculties in applying SWAT where depth-dependent
hydraulic simulations of wetland interactions with rivers and
aquifers are required.
3.2. Calibrated parameters and simulation performance
A total of 30 parameterswere selected for calibration (Table 2). Of
these, theﬁrst 16 inTable 2 are common toboth themodels. Thenext
four are limited to SWAT and the last 10 to SWATrw. A precise
interpretationof calibratedparameterswithina conceptualmodel is
not possible because different combinations of values of the same
parameters may produce an almost identical simulation as
explained by the equiﬁnality concept (Beven and Freer, 2001).
However, the relative inﬂuence of 12 selected parameters (Table 2)
on hydrological processes, derived from TEDPAS analysis, is dis-
cussed below. The value of the only basin level calibrated parameter,
SURLAG, was found to be 0.1. This relatively low value compared to
the default 4.0 indicates that surface runoff generated within a sub-
basin moves at a moderate rate towards its river system. A catch-
mentwithﬂat topographyand/or higher resistance to overland ﬂow
generally responds relatively slowly at the outlet to the generated
overland ﬂow. Although the lag time of surface runoff for steep
sloped headwater catchments would be expected to be smaller, the
lower ﬂat topographic properties of the extensive lowland parts of
the basin leads to the smaller value of SURLAG. Stream ﬂows at all
gauging stations that are in the lower ﬂoodplains of the basin are
predominantly characterised by the ﬂoodplain ﬂow dynamics. For
example, a steep hydrograph produced at the foothill of an upper
sub-basin is likely to be diffused in the lower ﬂoodplain.
The curve number for the moderate antecedent moisture
M.M. Rahman et al. / Environmental Modelling & Software 84 (2016) 263e289276condition (CN2) plays a major role in separating rainfall that rea-
ches the ground into inﬁltrated water and surface runoff. Table 2
shows the initial values because the model automatically updates
CN2 based on simulated daily soil moisture. The soil evaporation
compensation factor (ESCO) enables the model to meet evapo-
transpiration demands from the deeper soil layer if necessary. The
calibrated values of ESCO varied between 0.25 for forested hilly
HRUs to the default value of 0.95 for rice dominated ﬂoodplain
HRUs that are characterised by much wetter soils. Another cali-
brated soil or unsaturated zone parameter is the plant uptake
compensation factor (EPCO) which controls howmuch of the plant
water demand (transpiration) that is not satisﬁed by the upper soil
layer is drawn from the underlying soil layer. The calibrated values
of EPCO for HRUs dominated by forest and tea land covers were
higher (0.6e1.0) compared to rice dominated HRUs (a consistent
0.3). An explanation could be associated with the soil proﬁle and
plant root properties. For the entire basin, a 2-layered 1000mm soil
proﬁle was used with the top and bottom layers having speciﬁed
depths of 300 mm and 700 mm, respectively. A reasonable
assumption is that the root depths of mature forest trees and tea
shrubs will extend below the depth of the top layer, which allows
plants to satisfy their water demand from the lower soil layer.
However, the root depth of rice generally varies between 0 and
300 mm (Sharma et al., 1994; Uddin et al., 2009) so that the
contribution of water from the deeper soil layer to transpiration is
negligible unless water stress occurs. In any one year, the simulated
rice experienced water stress for no more than 15% of the total
growing period suggesting that transpiration from deeper layers
was limited.
Seven calibration parameters (GW_DELAY to GW_SPYLD in
Table 2) are associated with the groundwater simulation. Although
SWAT does not directly use any observed data beyond the soil
proﬁle, a prior knowledge of the aquifer properties within a river
basin may assist the calibration process by appropriately parame-
terizing the groundwater model. For the Bangladesh part of the
basin, calibrated values of SHALLST, GWQMN and GW_SPYLD were
1300 mm H2O, 1280 mm H2O and 0.02, respectively. Calibration of
these parameters beneﬁtted from data provided by Shamsudduha
(2010) who produced spatial geological properties of the local
aquifers compiled from multi-source ﬁeld data. These calibrated
values yield an initial GWL of 1 m ((1300e1280)/(0.02*1000))
above the riverbed level. Such a low GWL eventually produces
negligible base ﬂow in the dry season (MPO, 1991; WARPO, 2000;
cited in Shamsudduha, 2010). Since the simulation period starts on
the ﬁrst day of January 1990 (validation) or 2004 (calibration),
these calibrated parameters can be considered reasonable for the
Bangladesh part of the basin. In the absence of sufﬁcient ﬁeld data,
it is not possible to further explore and justify the calibrated values
of the other groundwater parameters.
All of the sub-basin level calibration parameters are associated
with wetland simulation except CH_N2 for river simulation. The
range of values of each parameter shown in Table 2 is based on the
results of all the wetlands or rivers in the basin. Most of the rivers in
the upper hilly region employed the default value (0.014) for CH_N2
whilst lower ﬂoodplain rivers had slightly higher values
(0.015e0.017). More resistance to ﬂow from instream vegetation
could account for the larger CH_N2 for the river system in the lower
ﬂoodplain. The parameterWET_MXSAwasnot directly calibrated but
instead its values were obtained from the CEGIS wetland shape ﬁle.
The high calibrated values of WET_FR (0.82e1.00) replicate the
reality of the basin's ﬂoodplains where a large proportion of local
surface runoff ﬂows towards wetlands rather than rivers. The two
most important SWATrw parameters are CCH_DFR and CCH_LFR
because they exert the largest inﬂuence upon the quantity of
transferable water during wetland-river interaction through theconnecting channel. In general, a combination of deeper river
reaches and a greater distance between river and wetland results in
larger values of CCH_DFR and smaller CCH_LFR values whereas the
opposite combination (a shallower river reach and a shorter dis-
tance between river and wetland) produces the opposite results.
For all connecting channels, the value of the calibrated conveyance
coefﬁcient (CCH_C) was found to be 667 m1 s1. Kadlec and
Wallace (2009) suggested values for densely or sparsely vege-
tated wetlands of 116 and 580 m1 s1, respectively. The higher
CCH_C value for the connecting channels within the SWATrw
model indicate relatively low resistance which reﬂects the chan-
nelized nature of the river-wetland exchanges in which water is
relatively deep in comparison to overland ﬂow across a wetland's
surface.
Fig. 7 shows the temporal sensitivity of different parameters to
streamﬂows, wetland water volumes and wetland water surface
areas simulated by SWATrw for the sub-basin containing Hakaluki
haor (Fig. 4). The surface runoff parameter SURLAG and ground-
water parameter RCHRG_DP show greater sensitivity (as large as
0.8) to streamﬂows during the three rainy periods (pre-monsoon,
monsoon and post-monsoon) compared to the other parameters
(Fig. 7a). However, sensitivity of SURLAG to streamﬂows is
comparatively higher and occurs earlier than that of RCHRG_DP.
The other surface runoff parameter CN2 is found sensitive during
the pre-monsoon season (April and May) when separate storms
separated by dry spells cause soils to be alternatively wetted and
dried. However, its inﬂuence on streamﬂows gradually dampens in
the subsequent monsoon (JuneeSeptember) and post-monsoon
(OctobereNovember) seasons when consistently wetter soil pre-
vails. SWATrw/SWAT updates the value of CN2 depending on soil
water content in each time step. In the wet season soil remains
almost saturated leading less variable CN2 and thus a smaller
sensitivity to streamﬂows. The sensitivity of the soil evaporation
parameter ESCO at the beginning of the wet season demonstrates
the inﬂuence of soil water content on streamﬂows at this time. The
two groundwater parameters related to lag time, GW_DELAY and
ALPHA_BF, become dominant over other parameters during the
early dry season (December and January). Surprisingly a very small
sensitivity value (0e0.02) for each of the wetland parameters
(WETEVCOEF, WET_K, WET_P, CCH_LFR and CCH_DFR) indicates
that the presence of the wetland has little inﬂuences on stream-
ﬂows from the Hakaluki haor sub-basin. These results demonstrate
that streamﬂow in this sub-basin during the three wet seasons of
the simulation period is mainly inﬂuenced by overland routed
surface runoff, and then secondly by baseﬂow. Wetland routed
runoff (i.e. surﬁcial exchange between the wetland and river) has a
relatively small inﬂuence. Since CN2 remains relatively less sensi-
tive during the period of almost continuous monsoonal rainfall,
modelled surface runoff can be categorized as a non-Hortonian
process driven by soil saturation. In contrast to GW_DELAY and
ALPHA_BF, the larger sensitivity of RCHRG_DP during the monsoon
indicates that the availability of water from the shallow aquifer is
the prime determinant of baseﬂow rather than the aquifer's
transmitting properties. This relative inﬂuence of aquifer storativity
and transmissivity on streamﬂows reverses during the dry period
as groundwater levels decline. Since baseﬂow can only occur if the
available water in a shallow aquifer is greater than a speciﬁed
threshold value (i.e. GWQMN), the noticeable sensitivity of
ALPHA_BF (0.1e0.35) onwetland water volume (Fig. 7b) indicates a
considerable inﬂuence of wetland shape factor (WET_P,
sensitivity ¼ 0.2e0.5) on baseﬂow during late May e mid October.
This happens through wetland-groundwater interactions
controlled by parameters WET_K and WET_P in addition to driving
hydraulic head potentials. In dry periods, wetland water balance
can be almost completely explained by WET_P. This suggests the
Fig. 7. Temporal parameter sensitivity to (a) streamﬂows, (b) wetland water volume and (c) wetland water surface area for the Hakaluki haor sub-basin. All parameters are
described in Table 2. The colour ramp represents sensitivity of the parameters. The line plots indicate time series of target simulated variables (streamﬂows, wetland water volume
and surface area) for all 579 simulations during TEDPAS analysis. The back line is for the calibrated parameter set.
M.M. Rahman et al. / Environmental Modelling & Software 84 (2016) 263e289 277
Fig. 8. Temporal parameter sensitivity to (a) streamﬂows, (b) wetland water volume and (c) wetland water surface area for the Dubriary haor sub-basin (description of ﬁgure
components as Fig. 7).
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tween wetland-river-aquifer, evaporation) compared to the wetseason. Since wetland water surface area and depth are a direct
function of wetland water volume (see Equations (10) and (11)), a
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expected (Fig. 7c).
As discussed previously, it was not possible to investigate how
wetland-river interaction affects the streamﬂow from the Hakaluki
haor sub-basin because ﬂows were found to be insensitive for the
newly incorporated wetland parameters (WET_P, CCH_LFR and
CCH_DFR). A probable reason for this is that the streamﬂows of the
Hakaluki haor sub-basin are strongly inﬂuenced by inﬂows from
upstream sub-basins that do not contain any wetlands (Fig. 4).
These inﬂows mask any wetland related inﬂuences upon the ﬂows
at the downstream end of Hakaluki haor sub-basin.
Wetland-river interactions can, however, be investigated using
the sensitivity results for the Dubriary haor sub-basin (Fig. 8) where
ﬂows are not affected by any upstream inﬂows and in which
wetland water occupies a relatively large fraction of the sub-basin
area (57%, see Table 4). Large sensitivity for WET_P and a con-
trasting weak inﬂuence of SURLAG (Fig. 8a) demonstrate the wet-
land's inﬂuence on streamﬂows. Moreover, the ranges of SURLAG
and WET_P were identical for both the sub-basins (Table 3),
therefore the sensitivity dissimilarity between sub-basins cannot
be linked to the different space of each individual parameter. Rather
such dissimilarity may arise from the differed hydrological behav-
iours between the two sub-basins. Since WET_K shows less sensi-
tivity (0e0.05) to streamﬂows (i.e. groundwater is not greatly
affected by wetland seepage), a strong wetland-river interaction is
evident. This argument can be partially veriﬁed with the sensitivity
signals of CCH_DFR (0.05e0.15) that deﬁnes the connecting chan-
nel bed elevation (or normal level). Sensitivity to CCH_DFR mainly
appears during the post-monsoon period (OctobereNovember)
until the next early pre-monsoon (April). It disappears during the
monsoon season. This suggests that wetland-river interaction oc-
curs via the connecting channel during the rising and falling pe-
riods of wetland water level and then via direct transfer of water
beyond the wetland maximum level in the monsoon (Fig. 8c). As
discussed in Section 2.3.2, this transferred water may subsequently
inundate the river ﬂoodplain depending on the river's maximum
capacity. Although in both SWATand SWATrwwater on a ﬂoodplain
can seep to the underlying aquifer through the entire ﬂoodplain
area, the reverse process is restricted. Instead seepage water can
return to river through baseﬂow that is not a function of the area
through which it ﬂows. Recently Sun et al. (2015) addressed this
issue by employing Darcy's equation in catena based discretised
ﬂoodplain land units. As in the Hakaluki haor sub-basin, baseﬂow
that is scaled by the sensitivity of groundwater parameters
(RCHRG_DP, ALPHA_BF and GW_DELAY) is the larger contributor to
streamﬂow compared to surface runoff. This baseﬂow is plausibly
the direct response to large aquifer recharge through the sub-ba-
sin's highly conductive upland soils (hydraulic
conductivity ¼ 4e8 mm/h). A constant sensitivity signal of ~0.8
(yellow) for WET_P throughout the simulation period shows that
the variance in wetland water volume is completely explained by
the geometry of wetland (Fig. 8b). Hydrological processes involving
the remaining 11 parameters (sensitivity ~0) have no inﬂuence on
wetland water balance. Although this result is in agreement with
the Hakaluki haor sub-basin for the dry period it differs for the wet
period. From Fig. 8c, the water surface area of the Dubriary haor
wetland remains almost static for all model runs (i.e. all parameter
sets) at its maximum level (area ¼ 13882 ha; depth ¼ 5 m) during
wet periods. However, this is not the case for wetland water vol-
umes (Fig. 8b) since the wetland's capacity varies with its shape
factor (WET_P) despite constant surface area and depth at the
maximum water level. Because all vertical hydrological processes
(e.g. precipitation, evaporation, wetland-aquifer interaction) in the
modelled wetland occur through its water surface area, the
invariance of this area among model runs at a particular time stepsuggests a stable state for all of these processes. For this reason
variance in simulated wetland water volumes caused by the asso-
ciated process-based parameters is not seen in the wet periods.
Nonetheless, one might expect some variation due to groundwater
parameters because (i) wetland-aquifer interaction is not only
affected by water surface area but also hydraulic head differences
and hydraulic conductivity and (ii) streamﬂow is sensitive to
groundwater parameters. For most of the time wetland water level
remains very close to both the ground surface and GWL whilst the
range of wetland hydraulic conductivity is very small (0.1e0.3 mm/
h). Therefore, only small water transfer rates between the wetland
and aquifer are likely and they have extremely small impacts on the
water volume of the comparatively large wetland water volume.
GWL and the wetland water level are close to the ground surface in
the Dubriary haor sub-basin due to its particular physiographic
settings. The river bed is much closer to the ground surface than in
the Hakaluki haor sub-basin (see Table 4). Because baseﬂow to the
river cannot cause the GWL to fall beyond the river bed, GWL can
only ﬂuctuate above the river bed unless water is lost from the
aquifer by other means (e.g. aquifer exchange to the wetland).
Again awetland can only intercept aquifer water when the wetland
water level is belowGWL. This did not happen for the Dubriary haor
wetland, at least during wet periods, because wetland water level
was always atmaximum capacity (i.e. the ground surface level). The
above interpretation of hydrological processes, involved in the two
sub-basins, with respect to temporal parameter sensitivity is
thought to be plausible as previously TEDPAS was evaluated for
such credibility (Pfannerstill et al., 2015).
The performance of the twomodels is demonstrated graphically
in Fig. 9 and Fig. 10. The ﬁrst of these ﬁgures shows observed and
simulated mean monthly discharge at four gauging stations for the
calibration and validation periods. Observed and simulated daily
mean stage at three stations for the same period is shown in Fig. 10.
Model performance statistics for both sets of comparisons are
summarised in Table 5. The performances at the two upper gauging
stations (Sheola on the Kushiyara River and Kanairghat on the
Surma River) are ﬁrst investigated since the discharges at these
locations are principally controlled by runoff from the upper Barak
River Basin (see Fig. 4). The inﬂuences of ﬂoodplain wetlands on
river discharge at these locations are limited and so SWAT and
SWATrw can be expected to provide similar results. This is
demonstrated in the very similar, and in some cases, identical
model performance statistics for the two models (Table 5). For the
calibration period the values of these statistics fall in the top “very
good” category suggested by Moriasi et al. (2007). An annual water
balance study of the Barak River shows that, for both models,
574 mm of water is on average lost as actual evapotranspiration
during the calibration period. This is equivalent to 23% of annual
average rainfall (2443 mm). Jhajharia et al. (2012) found that po-
tential evapotranspiration (PET) demands over this part of the basin
are about 1100 mm year1 and that the highest monthly PET of
110e150 mm is in May. These values are very close to those
employed in both hydrological models (1115 and 121 mm, respec-
tively). Model results suggest that both SWAT and SWATrw are able
to simulate the hydrological dynamics of the hill and forests
dominated upper Barak River Basin.
Similarly, both SWAT and SWATrw show nearly equally satis-
factory river discharge simulation results for the Jaldhup and
Sherpur gauging stations during the calibration period. It is evident,
however, that SWATrw does underperform compared to SWAT at
the latter station that is located at the basin's outlet. Fig. 9d shows
that peak ﬂows at Sherpur simulated by SWATrw are slightly higher
(~2%) than those of the SWAT model and this accounts for the
weaker PBIAS value in Table 5. However, it is clear that SWATrw
outperforms SWAT in simulating daily river stage at Fenchuganj
Fig. 9. Graphical representation of SWAT and SWATrw performance in simulating mean monthly river discharges at four stations Sheola (a), Kanairghat (b), Jaldhup (c), and Sherpur
(d).
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downstream of many wetland areas suggesting that the different
performance of the two models is related to the alternative ap-
proaches used to represent wetlands within the two models. In
contrast, identical simulation performance of the two models in
terms of daily river levels at Moulvi Bazar (Fig. 10b) is indicated by
the performance metrics (Table 5). This gauging station is down-
stream of a series of sub-basins that do not contain any wetlands
(see Fig. 4) and so both models respond identically.
An interesting disparity between the models is evident when
their simulated discharge and river stage results for the Sherpurgauging station are analysed simultaneously. Although SWATrw-
generated peak ﬂows are higher than those produced by SWAT
(Fig. 9d), the former model simulates lower river stages (Fig. 10c).
This is reﬂected in the reduced PBIAS values in both the calibration
(0.17%) and validation (12.26%) periods (Table 5). The higher
outﬂows at Sherpur for SWATrw are associated with the larger
inﬂows from the upstream river. This is intuitively because all up-
stream wetlands collectively produce more inﬂows at the inlet of
the Sherpur river reach (the portion of Kyshiyara River that lies in
the lowest sub-basin) compared to SWAT. Larger inﬂows to the
river system simulated by SWATrw should have produced higher
Fig. 10. Graphical representation of SWAT and SWATrw performance in simulating daily river stages/water levels at three stations Fenchuganj (a), Moulvi Bazar (b) and Sherpur (c).
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river reach. While routing ﬂows through a river reach, inﬂows to its
inlet are the sum of outﬂows from its upstream river(s), water yield
from the associated sub-basin and initial (beginning of each time
step) stored water in the river reach. The volume of this total inﬂow
is used to estimate the water depth in a river reach based on the
Manning's formula. Therefore, any changes in this total inﬂow will
affect river water depths and downstream ﬂows. An investigation
of wetland-river interaction in the sub-basin associated with the
Sherpur station reveals that the SWATrw model transfers a dailyﬂow of 5e40 m3 s1 from the Sherpur River reach to the connected
wetland throughout the wet seasons (pre-monsoon, monsoon and
post-monsoon). This reduction in total inﬂows to the reach
compared to SWAT produces smaller river water depths, thus lower
river stages. However, this reduction in total inﬂows has negligible
effects on routed downstream outﬂows from the reach. The reasons
are twofold: (i) the amount of daily water transferred from the river
to the wetland is small (5e40 m3 s1) compared to the increased
daily river inﬂows (50e800 m3 s1) from upstream rivers and (ii)
while routing inﬂows to the downstream outlet, storage within the
Table 5
Statistical performance metrics for simulated monthly stream ﬂows and daily river stages/water levels during calibration (2004e2010) and validation (1990e2003) periods.
Variables Gauging stations Period Values of performance metrics
NSE RSR PBIAS R2
SWAT SWATrw SWAT SWATrw SWAT SWATrw SWAT SWATrw
Mean monthly river ﬂow (m3 s1) Sheola Calibration 0.87 0.87 0.36 0.36 1.66 2.24 0.90 0.90
Validation 0.54 0.52 0.68 0.69 30.45 31.78 0.78 0.78
Kanairghat Calibration 0.89 0.89 0.32 0.32 7.00 7.31 0.90 0.90
Validation 0.77 0.76 0.48 0.49 15.47 15.71 0.83 0.83
Jaldhup Calibration 0.62 0.62 0.62 0.62 6.88 7.34 0.63 0.62
Validation 0.81 0.81 0.43 0.43 2.24 2.94 0.83 0.83
Sherpur Calibration 0.69 0.64 0.55 0.60 9.67 12.30 0.80 0.90
Validation 0.36 0.28 0.80 0.85 32.93 35.47 0.80 0.80
Daily river stage (m) Fenchuganj Calibration 0.71 0.80 0.54 0.45 9.95 7.56 0.85 0.85
Validation 0.31 0.79 0.83 0.45 23.65 2.67 0.82 0.80
Moulvi Bazar Calibration 0.73 0.73 0.52 0.52 1.28 1.28 0.75 0.75
Validation 0.59 0.59 0.64 0.64 5.56 5.56 0.69 0.69
Sherpur Calibration 0.65 0.86 0.59 0.38 8.38 0.17 0.85 0.87
Validation 0.16 0.67 0.92 0.57 23.13 12.26 0.79 0.82
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the routing equation. However, if the amount of water transferred
from a river reach to awetland is offset due to higher storage effects
of a river reach, then such a difference in simulated river stages
between SWAT and SWATrw might not be seen.
For both models, performance for the validation period is lower
than that achieved for the calibration period. According to the
criteria of Moriasi et al. (2007) all the gauging stations except the
lowest (Sherpur) show satisfactory simulated monthly discharge
for the validation period (NSE > 0.5, RSR 0.70 and PBIAS ±55%).
As discussed previously, the superior river stage simulation by
SWATrw is also evident in the validation period. CRU rainfall data
were used for the validation period over the Indian part of the basin
since the station records used for the earlier calibration periodwere
not available. An initial investigation shows that the average annual
CRU rainfall over the Barak River basin is approximately 500 mm
higher than that of IMD average annual rainfall (2443 mm) during
the calibration period (2004e2010). It is not unreasonable to as-
sume that this trend of overestimation by CRU would extend to the
validation period (1990e2003). Another shortcoming of the CRU
rainfall data is its contradictory annual rainfall trend compared to
ﬁndings of Deka et al. (2013). These authors showed, using
observed monthly rainfall data for the period 1901e2010, that the
Barak River Basin has experienced a signiﬁcant decreasing trend in
annual rainfall that was particularly pronounced in the last three
decades. CRU data suggest a reverse trend for the period
1990e2010. Overestimation of rainfall by the CRU data may
therefore be responsible for the overestimated stream ﬂows in the
Kushiyara River at Sheola and in the Surma River at Kanairghat
during the validation period (Fig. 9a and b and Table 5). This
argument is equally applicable to the downstream Sherpur gauging
station on the Kushiyara River. In general, the two models show
very little differences in reproducing streamﬂows despite their
dissimilar wetland-river interaction modules but SWATrw showed
better skill in simulating daily river stages compared to SWAT.
3.3. Comparison of SWAT/SWATrw wetland interactions with rivers
and groundwater
Comparison of SWAT and SWATrw simulations of the hydro-
logical dynamics of haor wetlands is investigated using the Haka-
luki haor wetland as a case study (Fig. 4). As discussed in Section
3.2, problems associated with the use of CRU rainfall data over the
upper Indian part of the river basin for the validation period impact
model performance. For this reason, assessment of wetland resultsis restricted to the calibration period. Since there are no observed
hydrometric time series data for the Hakaluki haor, a very common
situation for wetlands in this and similar regions, modelled results
are evaluated using the average hydrological properties of the
wetland in the dry and monsoon seasons. According to previous
studies (CEGIS, 2012; Choudhury and Nishat, 2005), the total water
surface area of all the beels (see Section 2.4) in the Hakaluki haor is
approximately 4500 ha in the dry season and the corresponding
average water depth is 2 m. In the monsoon season, the maximum
water surface area of the wetland can be as large as 14000 ha at a
water depth of 4.30 m Fig. 11 shows the simulated volume of
wetland water storage, surface area and depth from SWAT and
SWATrw. The results for SWATrw more closely agree with the
actual hydrological behaviour of the wetland. The maximum
wetland water surface area simulated by SWATrw was 13890 ha in
the two wettest years of 2004 and 2006, which is very close to
observed maximal extent (14000 ha) of the wetland. Through the
seven years of the simulation period the mean value of this
maximum area was 12014 ha. In the dry season the simulated
wetland water surface area shrinks to between 2980 and 3475 ha
(Fig.11b). Wetlandwater depth simulated by the samemodel varies
from 1.8 m in the dry season to 4.3 m (Fig. 11c) in the monsoonal
season. SWAT results show consistently lower wetland water vol-
umes, surface areas and water depths. For example, the maximum
(in July 2004) wetland water storage, surface area and depth
simulated by SWAT were 11320 ha-m, 9367 ha and 1.23 m,
respectively whereas in each dry season the simulatedwetlandwas
absolutely empty of water. The simulated mean maximum annual
water surface area and depth were 7141 ha and 0.90 m, respec-
tively. These simulated conditions differ considerably from those
reported by Choudhury and Nishat (2005).
The improved performance of SWATrw over SWAT to more
closely represent hydrological conditions with Hakaluki haor is
linked to more representative volume-area-depth relationships
and the inclusion of more realistic wetland-river and wetland-
groundwater interactions. The large underestimation of wetland
water volume and therefore surface area and depth by SWAT sig-
nals two possible shortcomings of SWAT: (i) inadequate incoming
ﬂows to the wetland and/or (ii) excessive water loss from the
wetland. Fig. 12a shows daily inﬂows to the Hakaluki haor gener-
ated by both SWAT and SWATrw for the calibration period. Inﬂows
comprise upland runoff, interﬂow and, in the case of SWATrw, any
exchange with the river and groundwater. Results for SWATrw
show sudden and short-lived increases in inﬂows that are not
simulated by SWAT. These inﬂows are the result of diverting water
Fig. 11. Comparison of SWAT and SWATrw simulated time series of different hydrometric properties (storage, area and depth) for the Hakaluki haor wetland. The “normal” hor-
izontal line indicates the wetland hydrometric properties at the bed level of the connecting channel.
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channel. For example, the sudden peak inﬂow (~140 m3 s1) on 3rd
May 2004 is associated with a ﬂood event in the wetland due to
gains in river stage caused by increased river discharge from the
upper sub-basins (see Fig. 11b). During this event the wetland
expanded by 518 ha from the initial pre-ﬂood area of 8179 ha.
Average annual mass balance analysis of the different hydrological
components shows that total inﬂow to the wetland is 6126 ha-m
(11.5%) higher in SWATrw compared to SWAT (Table 6).
Analysis of SWAT's wetland morphometric formula (Equation
(3)) shows that the model tends to produce less upland inﬂows
compared to SWATrw for any speciﬁc water storage in the wetland.
Equation (3) cannot conserve the additive principle of surface area
adopted in the SWAT model. This principle entails that the total
surface area of a sub-basin may be fractioned into a number ofspatial units (HRUs, see Section 2.1) but the combined area of these
units must be equal to the sub-basin's area. Accordingly, since a
wetland is fractioned among the HRUs within a sub-basin (see
Section 2.2), the sum of any speciﬁc wetland property (e.g. wetland
water volume and surface area) across all the HRUs in a sub-basin
must be equal to the full-scale (i.e. sub-basin-scale) value of the
property. Mathematically it can be proved that Equation (3) cannot
preserve the areal conservation principle and instead it over-
estimates wetland water surface area for a given volume of water
(see Annex A). An overestimated wetland water surface area re-
duces its upland catchment area and thus upland inﬂows are also
reduced (see Equation (2)). On the other hand, the three vertical
hydrological processes (precipitation, evaporation and seepage)
that are quantiﬁed based on wetland water surface area, are likely
to be overestimated by SWAT. However, this overestimating trend
Fig. 12. Comparison of SWAT and SWATrw simulated daily inﬂows to (a), and surface outﬂows (wetland spillage - b), seepage (c) and evaporation (d) from the Hakaluki haor
wetland. Simulated groundwater level (GWL) for the dominant HRU (Land use: Rice; soil: Cambisols, slope: 0e2%) is also compared with the observed values (e). The inﬂow
comprises upland runoff, interﬂow and in the case of SWATrw, any inﬂows with the river and groundwater. The surface outﬂow and seepage from a wetland are destined for the
adjacent river and aquifer, respectively. GWL is referenced from the wetland bottom i.e. wetland bottom is set to zero datum and observed GWLs is obtained from an observation
well approximately ﬁve km from the deepest point in the wetland. The “normal” horizontal line indicates the wetland hydrometric properties at the bed level of the connecting
channel.
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wetland (Fig. 12c, d and Table 6), since SWATrw consistently sim-
ulates larger volumes of water, and thus larger water surface area,
compared to SWAT throughout the entire simulation period
(Fig. 11a and b).
According to Fig. 12b, the wetland simulated by SWAT spills
throughout the entire monsoon and post-monsoon seasons in all
year of the simulation period. The annual maximum outﬂow ranges
between 7 and 110 m3 s1. In contrast, wetland outﬂows from theSWATrwmodel only occur during the monsoon season of 2004 and
2006. Peak outﬂows are of the range 110e330 m3 s1 and are less
prolonged compared to SWAT. On average SWAT produces annual
outﬂows which are 15 times larger than those simulated by
SWATrw (Table 6). In SWAT, the wetland water level is above the
normal volume level (threshold value required to initiate wetland
spills) during the monsoon and post-mosnsoon (Fig. 11a) and so
continuously discharges to the river. Within SWATrw, although the
wetlandwater level does exceed the normal level for a considerable
Table 6
Annual average values of simulated hydrological components of the Hakaluki haor wetland.
Hydrological components SL. NO. SWAT SWATrw
Precipitaiton (ha-m yr1) (i) 13994 18609
Evaporation (ha-m yr1) (ii) 3034 4718
Seepage from wetland (ha-m yr1) (iii) 37207 71222
Inﬂows (ha-m yr1) from upland, river and aquifera (iv) 53001 59127
Outﬂows (wetland spillage) to river (ha-m yr1) (v) 26743 1757
Balance (ha-m yr1) ¼ (i) þ (iv)  (ii)  (iii)  (v) 10 39
a SWAT wetland receives only upland inﬂows (surface runoff and interﬂow) but SWATrw wetland receives all the three inﬂows.
Fig. 13. Inﬂuence of the Hakaluki haor wetland on downstream river discharges simulated by SWAT and SWATrw. The inset shows a detailed view of the time series for 2004.
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restricted. This is because for most of the time the head gradient
between river and wetland was such that water was simulated as
entering rather than leaving the wetland. Differences in the way
interactions between rivers and wetlands within the two models
clearly impacts river outﬂows (Fig. 13).
As discussed in Section 2.2, SWAT adopts a very simple GW
model where any recharge from the upper soil proﬁle of an HRU is
homogeneously accommodated in the underlying aquifer reservoir.
In addition, since HRUs within a sub-basin are isolated from each
other they do not exchange mass. Therefore, simulated horizontal
GWLs are just an approximation of reality whereas natural GWL
follows a curvilinear phreatic line while interacting with wetlands
and rivers. Fig. 12e shows simulated GWLs from both SWAT and
SWATrw for the largest HRU (Area ¼ 30448 ha; land use: Rice; soil:
Cambisols, slope: 0e2%) in the sub-basin containing the Hakaluki
haor. This HRU has the same properties as the area around the
groundwater observation well. Observed GWL from this well that
are referenced with respect to the wetland bed are also shown. The
groundwater observation well from which these data were ac-
quired is approximately 5 km away from the deepest point of the
wetland and the elevation of the ground surface at the well site is
7 m above the wetland's deepest point. The two models produce
very similar GWL results although they are slightly higher (less than
0.05 m) for SWATrw (Fig. 12e). Clearly and expectedly, HRU aver-
aged GWLs do not reﬂect the actual ﬂuctuations of daily GWLs in a
year which range from 2m in the dry season to 5m in themonsoonseason. On the other hand, through the calibration period, simu-
lated GWL ﬂuctuates within a range of 1.6e1.8 m above the wet-
land's deepest point at the end of the dry season to a range of
2.0e2.1 m during JuneeJuly. One of the potential reasons for this
limitation may be that both models assume that any change in
aquifer water level due to recharge or discharge during a time step
is uniform throughout the entire areal extent (equalled to HRU
area) of the aquifer. This approach ignores the inﬂuence of local
factors surrounding an observation well. Where groundwater ﬂow
is dominated by its horizontal component frictional head loss can
be an important factor in GWL ﬂuctuations. For the present study,
the ﬂuctuations in observed GWLs might be affected by local
groundwater drawdowns originated after shallow tube well (STW)
operations during the dry season. Neither of the models is able to
replicate such local drawdown effects on GWLs.
Since the falling wetland water levels (Fig. 11c) after the
monsoonal peaks gradually approach an equilibrium conditionwith
the lower aquifer water levels (Fig. 12e) until the beginning of the
next pre-monsoon season, SWATrw always retains some water in
the wetland due to a slower downward seepage rate. The slight
decline in wetland water level (Fig. 11c) during the dry season is
controlledbyevaporation (mean rate¼6ha-m/day, see also Fig.12d)
and seepage (mean rate ¼ 37 ha-m/day). However, the dry condi-
tions within the wetland between December and April that are
simulated by SWAT lead to the elimination of evaporation and
seepage at this time (Fig. 12c and d). Despite reproducing almost
similar GWL, SWATwas not able to simulate the actual hydrological
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ciples of hydraulics formodellingwetland-groundwater interaction.
The hydraulic gradient independent groundwater scheme of SWAT
allows a wetland to seep water at a constant rate until it is empty.
This results in the complete drying out of the Hakaluki haor that is
not experienced in reality and which SWATrw avoids by preventing
unrealistic wetland water loss through seepage.
Annual analysis of hydrological components shows that the
SWATrw-simulated Hakaluki haor annually receives 10741 ha-m
more water as inﬂow compared to SWAT. This mainly comes from
additional direct precipitation falling on the larger wetland and
from the over ﬂowing river. The ratios of three average annual
wetland outﬂows (evaporation, seepage and spilling) are 1:11:8
and 3:46:1 for SWATand SWATrw respectively. This demonstrates a
considerable change in the distribution of wetland seepage and
spilling between the two models.
4. Summary and conclusions
The SWATrw model addresses two crucial issues in modelling
water dynamics of depressional riparian wetlands with SWAT: (i)
the unrealistic representation of real world wetland morphometric
(volume-area-depth) relationships and (ii) the unidirectional
interaction of wetlands with rivers and groundwater/aquifers. The
SWATrw model replaces SWAT's wetland morphometric algorithm
with the more robust and tested H-K wetland geometric formula.
Wetland-river and wetland-groundwater interactions are re-
structured based on the principles of hydraulics without violating
the mass conservation law. Therefore, the SWATrw model is more
physics-based concerning the representation of the direction of
wetland interactions with other water bodies (rivers and aquifers)
and in the quantiﬁcation of these interactions.
Both the SWAT and SWATrw models were satisfactorily cali-
brated (2004e2010) for the transboundary Barak-Kushiyara River
Basin (Bangladesh and India) and the riparian Hakaluki haor
wetland. However, using CRU rainfall data rather than station-
based observations impacted model performance during the vali-
dation period (1990e2003). Comparison of SWAT and SWATrw
performance provides the following major results:
(i) Bothmodels were equally able to reproduce the volume-area
relationship of the Hakaluki haor wetland but SWATrwmore
closely represents the volume-depth relationship. This is
because the proposed volume-depth relationship by Liu et al.
(2008) for SWAT is site speciﬁc and restricts its generalised
use.
(ii) SWATrw-simulated time series of different wetland hydro-
metric properties (water storage, surface area and depth)
agreed reasonably well with the seasonal behaviour of the
Hakaluki haor wetland. However, the SWAT model consis-
tently underestimated these wetland properties for all sea-
sons. SWAT results suggested that the wetland contained no
water in the dry season which is contradictory to the re-
ported presence of water as much as 2 m deep at this time of
year. The consistent downward seepage simulated by the
hydraulic head independent SWAT wetland module was the
prime cause of this limitation.
(iii) The hydraulic gradient-based wetland-river interaction in
SWATrw was able to capture ﬂash ﬂoods in the haor wet-
lands during pre-monsoon season due to over spilling of
adjacent rivers. SWAT lacks such capability and wetlands
only contribute water to rivers rather than also receiving
inﬂows from them.
(iv) Of the three processes (evaporation, seepage and spilling)
through which a wetland can lose water, the last two weredominant (56% and 40% of average annual wetland outﬂows)
in SWAT for the Hakaluki haor whereas in SWATrw seepage
into the aquifer alone contributed 92% of annual outﬂows.
Despite simulating higher water levels in the River Juri
compared to the wetland, SWAT unrealistically spilt more
wetland water to the river. This was not seen in the results
for the SWATrw model.
(v) SWAT's wetland morphometric formula cannot conserve the
additive principle of surface area (i.e. the sum of all HRU-
scaled constituent wetland water surface areas within a
sub-basin produces a larger wetland than the actual value at
the sub-basin scale). Therefore, hydrological processes
affected by wetland water surface area (precipitation, evap-
oration, seepage, upland inﬂows) are inappropriately
modelled by SWAT. SWATrw addresses this limitation.
More realistic modelling of wetlands, now available using
SWATrw, could have potential beneﬁts to other studies of the
Barak-Kushiyara River Basin involving water quality, ﬁsheries and
conservation actions. The SWATrw model could, however, be
further improved by incorporating an on-channel wetland option
in addition to the current off-channel wetland. In ﬂoodplain envi-
ronments such as thosewithin the Barak-Kushiyara River Basin, it is
likely that some rivers directly traverse wetlands. The absence of
hydrometric time series for the wetland (storage, area and depth)
remains a major limitation of this study, a factor that is common in
many wetland studies (Hollis and Thompson, 1998). Both the SWAT
and SWATrw models were, however, evaluated using river
discharge and stage and previously reported seasonal variations in
the hydrological characteristics of the Hakaluki haor wetland. The
sediment and nutrients processes of SWAT were not modiﬁed in
SWATrw. Future developments could adapt the current simulation
of these processes to improve the representation of wetland effects
upon water chemistry and sediment ﬂuxes.
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Annex-A. Proof of SWAT's inability to preserve the areal
conservation principle
For “n” number of HRUs within a sub-basin, Equation (A.1) can
be derived from Equation (3) based on the areal conservation
principle:
A*wet
Awet
¼

Swet;1
Swet
a
þ

Swet;2
Swet
a
þ
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Swet;3
Swet
a
þ///
þ

Swet;n
Swet
a
(A.1)
Swet ¼ Swet;1 þ Swet;2 þ Swet;3 þ///þ Swet;n (A.2)
where A*wet indicates the sub-basin-scale total wetland water sur-
face area estimated by summing HRU-scale fractioned wetland
areas which is estimated from Equation (3) for known wetland
water storage (S) in each HRU. SWAT applies the value of the scale
factor b (see Equation (3)) derived from sub-basin-scale wetland
properties (the user speciﬁed wetland water volume and surface
area at maximum and normal levels) to each of the smaller HRU-
scale wetland units in the sub-basin. Depending on the nature of
M.M. Rahman et al. / Environmental Modelling & Software 84 (2016) 263e289 287the shape factor a in Equation (A.1), the following relationships can
be established:
A*wet ¼ Awet if a ¼ 1 (A.3a)
A*wet >Awet if a<1 (A.3b)
A*wet <Awet if a>1 (A.3c)
Therefore unless the value of shape factor (a) is unity (Equation
(A.3a)), the wetland algorithm used in SWAT will overestimate the
wetland water surface area for a shape factor value of less than
unity (Equation (A.3b)) and underestimate the areas if the shape
factor is larger than unity (Equation (A.3c)). In the current SWAT
model the maximum value of the shape factor is 0.9 and for the
Hakaluki haor the estimated shape factor was found to be 0.65.
Consequently, for a given volume of water stored in a wetland, the
surface area estimated by SWAT would be unrealistically high and
exceed that estimated by SWATrw, which does not suffer from this
limitation.References
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